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ABSTRACT 
The primary aim of this thesis was to establish the ·mode of action of the heavy metal, copper, on 
the cardiac physiology of the blue mussel, Mytilus edulis. Exposure of specimens of Medu/is to dissolved 
copper led to a decrease in heart rate and an increase in heart rate variability (HR V). The concentration of 
copper causing a 50% reduction in heart rate was found to be 0.8f!M, while the concentration causing a 
50% increase in HRV was 0.06J.!M (48 h ECsos). Simultaneous measurements of valve activity indicated 
that the observed bradycardia was not caused by valve closure. Subsequently, it was considered'that copper 
might directly affect cardiac physiology by disrupting important cellular functions of the heart. Four 
different ionic currents were identified and characterised in Medulis ventricular myocytes: two outward 
potassium currents, a.sodium current and a calcium conductance. Copper ionshad no effect on the ionic 
currents of M edulis heart cells at· concentrations shown to inhibit the cardiac activity of whole animals. 
Clearly, the bradycardia measured in whole animals was not due to a change in the configuration of the 
ventricular action potential. It was recognised that copper could still directly affect cardiac physiology in 
mussels by altering excitation-contraction coupling, contractile protein function or myocardial energy 
production. To determine whether this was the case, recordings of heart contractions from isolated 
ventricular strips were made using an isometric force transducer. Using isolated strips, inhibition of cardiac 
activity was only induced by exposure to copper concentrations ~ I mM. Thus, the fall in heart rate 
measured in the whole animals dosed with copper could not be attributed to direct cardiomyopathy. Control 
of the. beating of M edu/is heart is known to be exercised by nerves from the visceral ganglion (VG) that 
contains both excitatory and inhibitory fibres. Following the removal of the VG (in vivo), exposure to 
copper had no effect on the heart rate of whole animals as occurred in the initial experiments. This suggests 
that copper affects the heart rate in M.edulis via a neuronal pathway. The principal cardioexcitatory and 
cardioinhibitory transmitters in molluscs are thought to be serotonin and acetylcholine, respectively, The 
effect of copper on the heart rate·of Medu/is could not be abolished by depletion of the monoamine content 
of the animal using reserpine. However, pre-treatment of mussels with a-bungarotoxin considerably reduced 
the sensitivity of the heart to copper. These results indicated that the influence of copper on the heart of 
Medulis might be mediated by a change in the activity of cholinergic nerves to the heart. Acetylcholine is 
known to have a biphasic action on the heart of M edu/is-, low doses depress and high doses excite (the 
endpoint of both responses resulting in a cessation of the heart beat). In the final experiments of this series, 
mussels were injected with either benzoquinonium or D-tubocurarine, prior to copper exposure, in an 
attempt to·selectively block the inhibitory or excitatory cholinoreceptors of the heart. Only benzoquinoniuin 
decreased the susceptibility of the heart to copper, suggesting that copper affects the cardiac activity of blue 
mussels by stimulating inhibitory cholinergic nerves to the heart. It is suggested that there may be a 
chemosensory mechanism ·present in mussels which responds to increased levels of metals in seawater 
leading to changes in a number of physiological functions. 
The last result chapter of this thesis examined the effects of the organophosphorous pesticide, 
dimethoate, on cardiac and acetylcholinesterase (AChE) activity in the common shore crab Carcinus 
maenas. Cardiac activity was measured non-invasively before and during dimethoate exposure. Heart rates 
decreased in a concentration-dependent manner. Serial measurements of AChE activity in haemolymph 
samples taken from crabs before and after exposure indicated that 2 mg r 1 dimethoate also significantly 
reduced AChE activity. The percentage inhibition in AChE activity was correlated with the percentage 
reduction in heart rate following dimethoate exposure. This suggests that organophosphates may directly 
affect neuronal control of the heart. These experiments indicate that non-destructive, serial measurements of 
cardiac activity and AChE activity are valuable bioroarkers of organophosphate exposure and adverse 
effects. 
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Chapter 1 
General Introduction 
l.l. Marine Pollution 
Marine coastal zones and estuaries are the main recipients of almost all 
anthropogenic discharges of pollutants: Over the past 30 years, the continuous increase in 
marine environmental pollution has constituted an ever-increasing problem that has severe 
implications for human health, food resources, commercial interests, amenities, wildlife 
conservation and ecosystems ·in general. In future years, new technologies of waste 
limitation and improved legislation for the control of chemical discharges may help to 
alleviate concerns. Nevertheless, an enormous amount of research is still. required before we 
even begin to have a reasonable understanding of the long-term, insidious effects of 
pollutants already introduced into the environment. Furthermore, we will always be faced 
with accidental or deliberate releases of chemicals; for example, the Minimata tragedy in the 
1950s, the wrecking of the Exxon Valdez, environmental damage following the Gulf War, 
etc (Depledge, 1993). 
Worries regarding the extent of environmental degradation caused by man's 
activities have led to the creation of a relatively new scientific discipline, namely, 
ecotoxicology. The ultimate aim of ecotoxicology is to assess the risks to ecosystems upon 
exposure to environmental stressors, including chemical pollution. The reliable assessment 
of such risks requires two types of information: information about the levels and 
environmental fate of the particular chemical being considered and information on its 
inherent toxicological properties. While physicochemical data are essential components of 
risk assessment, it is the data on the biological response(s) to the chemical stressor that will 
help us to determine the degree of biological harm which may be expected (Axiak, 1991). 
1.2. Approaches to measuring the toxicity of poUutants to marine organisms 
Traditionally, the biological effects of pollutants have been monitored using acute 
lethal toxicity tests in the laboratory. The usefulness of such tests is self-evident: they are 
obviously meant to provide information on the concentrations of a particular chemical that 
may be expected to kill a significant proportion. of that particular species in the field. A 
consequence of this approach is that regulatory programs are usually designed to keep 
concentrations below levels that produce mortality in the environment. However, there must 
be considerable doubt about the value of lethal toxicity tests in the assessment of 
environmental hazards. One of the main problems is that they lack the sensitivity required 
for early warning of possible biological harm, in time to prevent such harm. Death 
represents a gross biological 'end-point' which only becomes apparent when biological 
damage has already occurred. 
Because of limitations in the information made available by acute lethal toxicity tests 
(reviewed by Axiak, 1991), attention has recently focused on the development of 
'biomarkers,' which are broadly defined as: sub-lethal biological measures of response to 
and effects of pollutants in living organisms (Peakall, 1994). These include a number of 
molecular, cellular, physiological, and behavioural parameters that, in principle, can be 
measured with simple and inexpensive techniques. The use of biomarkers to evaluate 
pollution hazards has increased noticeably in the past few years, and many have been 
adopted in national and international monitoring programmes ( e,g. the US, Canada, France, 
Sweden, North Sea countries; North Sea Task Force, 1993). The rationale underlying the 
biomarker approach is as follows. A healthy individual exposed to increasing pollutant loads 
will eventually suffer a progressive deterioration in health that is eventually fatal. Early 
departures from health are not apparent as overt disease, but are associated with the 
initiation of biochemical, cellular, physiological, and behavioural compensatory responses. 
When such responses are activated, the survival potential of the organism may have already 
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begun to decline because the ability of the organism to mount compensatory responses to 
new environmental challenges may have been compromised (Depledge et ar, 1995). If an 
organism has acquired a pollutant load that cannot be tolerated, detoxified or excreted then 
pathological processes will lead to disease, and finally death (Depledge, 1989). Biomarkers 
raise the possibility of determining where an individual is located on this health-disease 
continuum, Therefore, they potentially offer a warning of early, reversible pollutant toxicity, 
in line with the 'precautionary principle' adopted by international policy makers (l:JNCED, 
1992). 
Biomarkers are commonly classified as being either biomarkers of exposure or 
biomarkers of effect. Responses that indicate that an organism has been exposed to a 
toxicant, but do not reflect adverse effect, are biomarkers of exposure and have been most 
actively studied. Biomarkers of effect are responses indicative of both exposure and adverse 
effect. 
1.3. Molecular and Cellular Biomarkers 
Molecular and cellular biomarkers have been most widely used to date. They include 
enzymes of the inducible cytochrome P-450 system (Gokseyr & Forlin, 1992), 
cholinesterase inhibition (Mayer et al., 1992), lysosomal stability (Kohler, 1991 ), stress 
proteins (Sanders et al., 1991) and metallothioneins (Benson et al., 1990). Studying .· 
molecular and cellular alterations is advantageous because these are usually the first 
detectable, quantifiable responses to pollutant exposure and hence are typically more 
sensitive than other responses at higher levels of biological organisation. Furthermore, 
molecular and cellular biomarkers often enable early sublethal responses of organisms to be 
related to specific types of pollutant exposure (McCarthy & Shugart, 1990). For example, 
responses, such as induction of the cytochrome P-450 monooxygenase or mixed function 
oxidase, are highly specific indicators of stress by organic pollutants, while metallothionein 
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synthesis is highly indicative of heavy metal contamination. Unfortunately, most studies to 
date have focused on the use of molecular and cellular biomarkers to signal pollutant 
exposure, rather than adverse effects at higher levels of biological organisation (e.g. at the 
individual, population or community level). As such, demonstrating that an organism has 
been exposed to a pollutant, or that it has incurred pathological damage at a molecular or 
cellular level, is not often regarded by regulatory authorities as sufficient justification to 
instigate more rigorous chemical discharge controls(Depledge & Lundebye, 1996). 
1.4. Physiological and Behavioural Biomarkers 
Physiological biomarkers have received less attention than molecular and cellular 
biomarkers ·because they are regarded as being too generalised (i.e. they cannot be used to 
identify specific contaminants) and too difficult to measure routinely (Depledge et al., 
1995). However, recent technological developments have overcome many of the early 
problems associated with the acquisition of physiological data. A variety of physiological 
parameters can now be monitored non-invasively for prolonged periods in a wide range of 
vertebrates and invertebrates. Examples include: circulation, ventilation, excretion, 
osmoregulation, growth and reproduction, Because physiological biomarkers operate at the 
level of the whole individual they bestow a particular advantage over molecular and cellular 
measurements, that is, impairment of any physiological process will almost inevitably reduce 
the performance and fitness of the individual. It follows that if physiological biomarkers 
reveal pollution-induced impairment in a significant proportion ofthe population, it is likely 
to have direct ecological relevanceforthe population as a whole. 
Other recent technological developments now permit characteristic changes in 
behaviour associated with pollutant exposure to be determined. For example, the duration 
of time spent moving at different speeds, distance travelled, frequency of turning and 
turning angle can all be measured using a video camera tracking system connected to a 
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computer equipped with appropriate software (see Depledge et al., 1995). Since 
behavioural biomarkers are not directly relevant to this thesis, they will not be discussed any 
further. 
1.5. The importance of understanding mechanisms of toxicity 
Before physiological biomarkers can be considered as useful measures of biological 
effect in pollution studies, it is important to validate whether or not the physiological 
response is, in fact, indicative·of some deterioration in the organism's health; it can, in some 
cases, be merely an adjustment of the animal to changed, but not necessarily harmful 
conditions. After all, ifthe effects seen are not a manifestation of pollutant toxicity, they will 
convey no ecological significance. Thus, to successfully interpret the environmental 
relevance of a physiological biomarker, it is essential to have a basic understanding of the 
mechanistic processes underlying the·observed response. Furthermore, an understanding of 
the relationship between biochemical events and subsequent gross pathological changes, will 
allow the identification of molecular and cellular biomarkers, that are more toxicologically 
(and thus, ecologically) relevant. 
An awareness of mechanisms of toxicity should also enhance our ability to predict 
the biological effects of complex effluents, Most investigations on the responses of 
organisms to xenobiotics have concentrated on single contaminants. With more than 
I 00;000 man made chemicals currently in use (Timbrell, 1991 ), the importance of 
establishing the impact of a single pollutant on biota is somewhat limited when viewed in a 
wider environmental contex.t. Synergism and antagonism operating within complex mixtures 
can render the findings of single-exposure experiments in the laboratory void, with specific 
responses to individual contaminant exposures in controlled conditions potentially amplified 
or inhibited in test animals exposed to two or more contaminants (Bamber & Depledge, 
1997). Understanding the fundamental toxicological processes important to individual 
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xenobiotics should enable us to anticipate and model any interactions (synergistic or 
antagonist) that may occur when contaminants are present as complex effluents. 
Overall, it is clear that, environmental toxicologists require a sound mechanistic base 
for the successful prediction and assessment of ecological damage. It is this mechanistic 
base that will allow us to make a more preCise appraisal of what are and what are not 
acceptable( or tolerable) levels of pollution. 
1.6. Aims 
The primary objective of this thesis was to determine the mode of action of the 
heavy metal, copper, on the cardiac physiology of the common mussel, Mytilus edu/is 
(Chapters 2-5; the reasons underlying this choice are detailed in later sections). In addition, 
the effects of the organophosphorous pesticide (OP), dimethoate, on the cardiac and 
acetylcholinesterase (AChE) activity of the shore crab, Carcinus maenas, were assessed as 
part of a collaborative project (Chapter 6; the present author was responsible for the AChE 
measurements). The purpose of this study was to address the lack of suitable, non-
destructive, biomarkers of OP exposure and effect in coastal and estuarine environments. 
However, it did provide a unique opportunity to determine whether or not the effects of 
dimethoate on the cardiac output of Carcinus, could be attributed to changes in AChE 
activity (see section 1.11 for further explanation). Attempts were made to use M.edu/is for 
this pesticide study, rather than C.maenas, in order to retain continuity within this thesis. 
Unfortunately, however, haemolymph AChE activity could not be routinely detected within 
this species. Nevertheless, it was considered that useful comparisons could still be made 
regarding the principal mechanisms of action of heavy metals and OP pesticides on the 
cardiac physiology of marine invertebrates (see Chapter 7). 
Both the copper and dimethoate investigations mentioned above were undertaken 
partly in order to ascertain the potential of using cardiac activity as a tool for detecting 
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exposure to chemical contaminants and their adverse effects. As such, it was first necessary 
to establish whether these toxicants actually induced cardiac abnormalities, and at what 
concentrations. From a biomarker aspect, it was important to ensure that the exposure 
concentrations used were similar to those that occurred at polluted sites, otherwise the 
responses would not be of use if applied in situ. Having identified irregularities in the heart 
tracings associated with copper or dimethoate exposure; attempts were then made to 
elucidate the mechanisms (biochemical and cellular) responsible for the observed effects. 
This allowed the cardiac responses to be evaluated from an ecological perspective (see 
section I. 5). 
Determining the modes of action of these toxicants (i.e. copper and dimethoate) on 
cardiac physiology should also provide a better understanding of their fundamental 
mechanisms of toxicity (i.e. those leading to overt disease and eventually death). With some 
contaminants, direct cardiotoxicity may be the primary cause of mortality. For example, 
cobalt causes cardiomyopathy when given repeatedly to animals. The lesions are similar to 
those detected in humans who were exposed to cobalt as a result of heavy consumption of 
beer which contained cobalt as a stabilising additive (Timbrell, 1991} 
With regard to copper, valve closure (examined in Chapter 2), direct effects on 
muscle contraction (examined in Chapters 3 & 4) and t:ffects on the nervous system 
(examined in Chapter 5), were considered to be the most likely causes of altered cardiac 
physiology in Medulis. In the dimethoate study, changes in AChE activity were singled out 
as the most probable cause of abnormal cardiac responses in crabs, since this is the primary 
mode of toxic action for all OP insecticides (see section 1.11). 
It is worth noting at this stage that all metal concentrations described within this 
thesis have been expressed in molar units, the preferred standard for physiological studies, 
whereas other workers in toxicology often use parts per million (ppm). Concentrations from 
previous papers, originally expressed in ppm, have been converted so that comparisons 
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could be made with the current data, and this explains why some of the values quoted 
sometimes appear a little odd. 
1. 7. Examples of physiological biomarkers witb special reference to cardiac activity 
'A variety of variables can be measured to detect pollutant-induced physiological 
dysfunction; these have been reviewed by Bayne et al. ( 1985) and Mayer et al. ( 1992), and 
include adenylate energy charge, whole body calorimetry, oxygen to nitrogen ratio, 
corticosteroidsl catecholamines, reproductive steroids, condition indices, rates of respiration, 
feeding, digestion, excretion and growth. Integrated indices of physiological condition are 
also available. For example, measurements of scope for growth (SFG, occasionally referred 
to as energy balance) have been widely employed (Widdows et al., 1990; Widdows & 
Donkin, 1991 ). SFG is based upon the concept that energy in excess of that required for 
normal maintenance will be available for growth and reproduction by the organism. SFG 
can range from maximum positive values under optimal cnnditions, declining to negative 
vakes when an arumal is severely stressed. SFG has proved useful for detecting and 
quantifying pollution impact in the marine environment (e.g. Widdows et al., 1995a & b; 
Widdows et al., 1997). One problem with the SFG assay, however, is that it assumes that 
the pollutant exposure only affects the amount of energy left over after maintenance 
requirements are fulfilled. It neglects consideration of pollutant effects on the energy use 
and partitioning of resources by the organism (see Forbes & Bepledge, 1992; Depledge et 
al., 1995). 
In addition to the physiological parameters described above, cardiac activity has 
been advocated as a potential biomarker of contaminant exposure (Depledge & Andersen, 
1990; Bepledge et al., 1996). The idea of measuring chP.nges in cardiac activity to detect 
chemical imbalances is relatively new, although medical scientists have found it useful in the 
detection of the early onset of diabetes in children (Ewing, 1992). In the marine 
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environment, cardiac recordings are useful in that they can provide an indication of the 
general well being of most bivalve molluscs (including M.edulis; Coleman, 1974), 
crustaceans (including C.maenas; Cumberlidge & Uglow, 1977) and fish (Armstrong, 
1986). Indeed, aerobic metabolic activity and nutritional state can often be inferred from 
heart rates in particular sized individuals held in standard laboratory conditions (Depledge et 
al., 1996). 
A prerequisite for identifying pollution-induced physiological changes is a detailed 
knowledge of the normal physiological repertoire of the test animals (Depledge et al., 
1995). The decision to use Medulis and C.maenas in the present thesis, was influenced 
partly by the extensive databases which are available concerning the effects of various 
environmental factors (e.g. temperature, oxygen tension, size, ration, salinity) on .the heart 
traces of both of these species. Because the literature in this area is so vast it cannot be 
reviewed adequately here. Reference to the review by Bayne et al. ( 1976) for M.edulis, and 
papers by Ansanullah & Newell (1971), Florey & Kriebel (1974), Depledge (1984b), 
Depledge (1985), for C.maenas, provide an overview. 
A number of techniques are currently available for monitoring cardiac activity in 
bivalve molluscs or decapod crustaceans. The simplest approach is to drill windows intci the 
shell or carapace to make direct visual observations of the heart. However, it is often 
desirable to make long-term recordings, and for this, more elaborate techniques are 
required. Cardiac activity is usually monitored by impedance cardiography (Trueman, 1967; 
An sell, 1973; Depledge, 1978), which involves passing a small oscillating current between 
two electrodes implanted alongside the pericardium and recording the changes in impedance 
that result from pulsatile changes in the heart. Unfortunately, there are a number of 
drawbacks to the impedance technique: (a) the initial insertion of the electrodes often takes 
several minutes and the resulting trauma may invalidate physiological measurements for at 
least 24 hours, (b) data cannot be acquired over long periods in the field, without harming 
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the test organism, and (c) this method is impractical for monitoring the physiology of more 
than 2-3 animals at a time. In the past, the problems associated with the impedance 
technique have severely hampered attempts to use cardiac activity in aquatic invertebrates 
as a biomarker of pollutant exposure. Recent technological developments have done much 
to alleviate this situation. Depledge & Andersen (1990) described a Computer-Aided 
Physiological MONitoring system (CAPMON) capable of recording cardiac activity 
simultaneously from several crustaceans for indefinite periods (even when carried out in the 
field, see for example, Aagaard et al., 1995), without imposing undue stress. Infrared 
emitters/detectors monitor the heart's cycle of action and heart rate is determined every 
minute and stored on disk for oflline analysis. This basic system has since been developed 
and applied to tackle a host of monitoring tasks. For example, sensors have been applied to 
crabs to monitor ventilatory rate and locomotor activity (Aagaard et al., 1991), to bivalve 
molluscs (including Medu/is) to monitor heart activity and shell opening, to gastropods 
(whelks and limpets) to monitor heart rate and locomotor activity (Depledge et al., 1995), 
to U-shaped glass tubes containing po1ychaete worms to monitor ventilatory movements 
(Vedel et al., 1994), and cuttlefish eggs to monitor embryo activity (Cobb et al., 1997). 
Although the CAPMON system has proved useful and versatile, it is limited to providing 
information concerning means of rate functions (for example, mean heart rates, mean 
ventilatory rates, etc) More recently, a new technique has been developed, based upon the 
original CAPMON system, namely, Automated lnterpulse-Duration Assessment (AIDA; 
Depledge et al., 1996). This method records the time interval between heartbeats, thereby 
facilitating assessment of both heart rate and regularity of beating, Early results with this 
new system have suggested that measuring heart rate variability in aquatic animals may be a 
more sensitive indicator of environmental stress than basic heart rate recordings. In addition 
to the CAPMON and AIDA systems, non-invasive ultrasound techniques have recently been 
used to monitor heart rates in mussels and crabs (e.g. Haefner, 1996; Haefner et al., 1996). 
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In the future, advances in ultrasound technology may permit the measurement of stroke 
volumes in bivalve molluscs and crustaceans; at present the image of the heart generated by 
these instruments is insufficient to make any quantitative assessments ofstroke volumes 
(because of shell and carapace densities) (Haefner et al., 1996). Unquestionably, the limited 
availability and cost of currently available ultrasound instruments will preclude their 
widespread use for measuring cardiac activity in aquatic animals. 
A number of authors have examined the effects of pollutants on the heart rates of 
aquatic invertebrates, Several researchers have reported copper-induced bradycardia in blue 
mussels, (Scott & Major, 1972; Grace & Gainey, 1987; Gainey & Kenyon, 1990), and in 
other bivalve species (e.g. Scrohicu/aria plana; Akberali & Black, 1980). Nevertheless, the 
mechanisms underlying this response still remain unclear. Besides copper, reductions in 
heart rate have been recorded in bivalve molluscs exposed to oils (Sabourin & Tullis, 1981 ), 
zinc (Akberali et al., 1981) and chlorine (Stenton-Dozey & Brown, 1994). There is no 
literature available regarding the effects of OPs on the cardiac activity of C.maenas (or 
other aquatic invertebrates). However, disruption of cardiac activity has been demonstrated 
in C.maenas following exposure to copper (Depledge, 1984a; Aagaard & Depledge, 1993; 
Lundebye & Depledge, 1996), mercury (Depledge, 1984a) and crude oil (Depledge, 
1984b ). The heart rates of other marine invertebrate species have also been shown to be 
affected by marine contaminants; these investigations are referenced in section 2.4.2. Of 
these studies, one promising avenue of research involves using on-line monitoring to record 
circadian and tidal rhythms in cardiac activity. Alteration of these rhythms, following 
exposure to pollutants, may provide an early warning of toxicity at, or approaching, 
environmentally realistic concentrations (Styrishave et al., 1995; Styrishave & Depledge, 
1996). 
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1.8. Copper and the mussel, Mytilus edulis 
It is not the intention of the current section to summarise all of the existing studies 
concerning .copper and the blue mussel, M.edulis. In fact, a review of the literature in this 
area has already been written by Davenport & Redpath (1984), covering a range of topics 
including: the chemistry of copper in seawater, environmental sources and levels, toxic 
concentrations, accumulation, storage and excretion, and behavioural, physiological and 
metabolic effects (more recent papers, i.e. post-1984, that are relevant to this thesis are 
described in later chapters). Instead, the salient information derived from these previous 
studies is used to explain why copper and the blue mussel were chosen in the present 
investigation. 
The natural input of copper into the marine environment, world-wide, is estimated · 
to be 325 000 t yr"1. Inputs from human activities are localised and vary widely in their 
nature. About 7.5 million t yr"1 of copper is produced for use in electrical equipment, in 
alloys, as a chemical catalyst, in antifouling paints for ships' hulls, as an algaecide, and a 
wood preservative. Several of these uses inevitably result in copper·being transferred to the 
marine environment. Urban sewage also contains a substantial amount of copper. For 
example, the municipal waste from Los Angeles is estimated to contribute 510 t of copper 
to the sea annually (Clark, 1989). Run-off from mine tailings in tin and copper mining areas 
results in high copper and zinc concentrations in the river Fal in Cornwall and Rio Tinto in 
Spain. It is clear from the above account that copper pollution caused by man's activities, 
does, and will continue to, constitute a potential environmental hazard in some estuarine 
and coastal waters. As such, the decision to study the effects of this heavy metal on 
Medulis (a species that is widely distributed in these waters}seemed wholly justified. 
Copper is an essential metabolite in all marine organisms, yet is one of the most 
toxic pollutants when present in excess (after mercury and silver). Copper is necessary for 
the proper action of several· enzymes, including: cytochrome oxidase, lysine oxidase and 
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tyrosinase. In some molluscs, copper is especially important because it is responsible for the 
oxygen binding pigment haemocyanin. Medulis possesses no such pigment, but copper is 
still a vital constituent of Mytilus haemolymph proteins (Davenport & Red path; I 084). 
Numerous authors have studied the effects of copper upon Medulis. These investigations 
have shown that blue mussels are among the more sensitive marine organisms to copper. 
Sustained concentrations as low as 0.31-!M are capable of killing Medu/is after about one 
month of exposure (concentrations at contaminated sites can reach levels close to O.SJ,lM; 
Manley, 1980). Many of the studies concerning the effects of copper upon Medulis have 
been conducted largely because the blue mussel is an easily identified, long-lived, sessile and 
cosmopolitan species which accumulates many pollutants and therefore would appear to 
possess virtually all the attributes of an ideal biological indicator of pollution (see, Butler et 
al., 1971). Furthermore, this species flourishes in the braclcish waters of estuaries which are 
often close to concentrations of industry, and so meets the additional indicator criteria 
proposed by Haug et al. (1974). Given its apparent suitability for pollutant studies, M.edulis 
appeared to be the best candidate for use in the present thesis. 
1.9. The heart of Medulis 
Again, it is not the intention in this section to review all of the existing literature 
concerning the heart of M.edulis. However, it is obvious that in order to determine the 
mode of action of a contaminant on the cardiac physiology of an animal, an extensive 
knowledge of its cardiac system is a necessity. Another reason behind the decision to use 
Medulis in the current study was the sheer volume of research that has been directed 
towards an understanding of the cardiac system of this species. Although there are no 
review articles covering all aspects of the heart of Medulis, reference to the following 
papers provide an overview: (a) structure of the heart, including its nature and anatomy, 
structure in relation to cardiac function, and fine structure (i.e. at the cellular level) (Narain, 
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1976; Sanger, 1979) (b) fluid mechanics of the heart, including haemodynamics and cardiac 
refilling (Krijgsman & Divaris, 1955; Jones, 1983) (c) cardioregulation, including 
myogenicity and the site of the pacemaker, membrane and action potentials of the heart, 
stretch and internal pressure, innervation and neural control, and neurotransrnitters of the 
heart (Jones, 1983; Stefano, 1990). 
A further consideration when attempting to ascertain the mechanism of action ofa 
pollutant on the cardiac physiology of an animal, is whether or not there are sufficient 
techniques available to examine effects on all aspects of the cardiac system (i.e. direct 
effects on the myocardium, effects on the cardiac nerves etc) and at different levels of 
biological organisation (i.e. gross physiology, effects at the tissue-level, cellular effects). It is 
clear from section I. 7. that a number of techniques can be used to monitor the cardiac 
activity of Medu/is. Because the heart of M.edulis is myogenic (i.e. beats rhythmically and 
spontaneously in isolation or when denervated), isolated heart perfusions may be used to 
study responses at the tissue level. This method has been employed in the past to study the 
principal cardioexcitatory and cardioinhibitory transmitters in M.edulis (reviewed by 
Stefano, 1990). It is also possible to dissociate the heart muscle of bivalve molluscs into 
single cells (EIIington, 1985), allowing pollutant responses to be determined at the cellular 
level; for example, effects on the ionic currents of individual myocytes may be assessed 
using the patch-clamp technique or effects on intracellular calcium levels could be evaluated 
using microfluorimetry. Finally, the gross anatomy of the cardiac nerves in M.edulis are 
particularly suited to neurotoxicity studies. Because they originate from the visceral ganglia, 
which overlie the posterior adductor muscle (Carlson, 1905a), the cardiac nerves can be 
manipulated in vivo without causing direct damage to other tissues. 
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1.10. Organophosphate pesticides and the common shore crab, Carcinus maenas 
In the final result chapter of this thesis, the usefulness of biochemical 
(acetylcholinesterase) and physiological (cardiac activity) responses as biomarkers of 
organophosphate (OP) exposure and effect were assessed in the common shore crab, 
Carcinus maenas. OPs are the most widely used class of insecticides in the world. They 
have practically replaced organochlorine insecticides, having the advantage of being more 
readily biodegradable and hence having less persistence in the environment (Eto, 1974). 
Furthermore, a low partition coefficient and/or a high biotransformation rate prevents these 
chemicals accumulating through food chains (Mineau, 1991). Nevertheless, some OPs are 
highly toxic and may adversely affect non-target organisms. Despite this, relatively few 
investigators have examined the effects of OP compounds on marine and estuarine species, 
because it is generally assumed that they have little effect at concentratie;as usually found 
within the aquatic environment. However, recent in situ studies have revealed that non-
target organisms have been affected within marine ecosystems (see, for example, Burgeot et 
al., 1996). Thus, the present study is environmentally relevant. 
The shore crab (C.maenas) is not generally considered to be suitable as a biomonitor 
organism (mainly due to its high mobility; George & Olsson, 1994). But, its wide 
geographic distribution, size, abundance and relative ease of capture and maintenance in the 
laboratory (Crothers, 1968) were felt to warrant its inclusion in the current study. 
1.11 Acetylcholinesterase inhibition and the heart of Carcinus maenas 
It is well established that OPsinduce toxic effects by the inhibition of cholinesterases 
(ChE) and, as a consequence, disruption of nerve impulse transmission. OPs have some 
structural similarity to the endogenous neurotransmitter acetylcholine. Because of this 
similarity, the phosphate group is attracted to the site of esterification, phosphorylating the 
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enzyme, rather than acetylating it, thereby leading to enhanced levels of acetylcholine, 
subsequent cholinergic overload, and depending on the dose, death of the organism. 
Cholinesterases are typically subdivided into two maJor classes, 
acetylcholinesterases (AChE; EC. 3.1.1.7) and butyrylcholinesterases (BChE; EC 3.1.1.8). 
AChEs preferentially hydrolyse acetylcholine over butyrylcholine as a substrate, are 
extremely sensitive to eserine inhibition, and show substrate inhibition at high substrate 
concentrations; whereas BChEs preferentially hydrolyse butyrylcholine, are selectively 
inhibited by iso-OMPA (teraisopropyl pyrophosphorarnide}, and do not show substrate 
inhibition. Inhibition of brain AChE activity has become the principal biochemical diagnostic 
assay for studying the effects of anticholinesterase pesticides on fish and wildlife in general 
(Zinkl et al., 1991 ). Non-destructive methods, such as measuring AChE activity in plasma 
or serum, are rarely used because of the large variability found among individuals and the 
transitory nature of the response (Peakall, 1992). Non-destructive sampling is usually only 
considered important when a rare or threatened species is being investigated. However, 
Fairbrother et al. ( 1989) have pointed out that blood measurements have the advantage 
over brain assays of allowing sequential ChE measurements, thereby reducing the influence 
of inter-individual variability. For this reason, one of the aims of this study was to determine 
levels of AChE in the haemolymph of C.maenas and to observe any significant change in 
such activities following exposure to sublethal.amounts ofOP insecticide. 
Cardiac activity was used as a physiological measure of stress in C.maenas. As with 
M.edulis, a substantial amount of information has been gathered on the cardiac system of 
the common shore crab, C.maenas (see, for example, Maynard, 1960; Cumberlidge & 
Uglow 1977; Cooke & Sullivan, 1982; Wilkens, 1987; Wilkens & Mercer, 1993). The 
decision to use C.maenas rather than Medulis in the current investigation (besides from the 
difficulties associated with measuring AChE activity in Medulis haemolymph- see section 
1.6) was largely based on the fact that the heart of the shore crab is under neurogenic 
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control; cardiac output depending largely, on the activity of neurones within the cardiac 
ganglion (Maynard, 1960). Furthermore, at least some of the ganglion cells and nerve fibres 
of the heart of C.maenas are cholinergic (Welsh, 1939). Thus, there was a strong possibility 
that OPs may directly affect the heart rate and regularity of beating in C.maenas ·by 
inhibiting the AChE activity of the cardiac neurones. Although AChE activity was only 
measured in the haemolymph of crabs, this hypothesis could be assessed to a limited extent 
in the current investigation, because correlations between the inhibition of neural and 
plasma AChE activity have been previously established in a wide range of animal species 
(see Chapter 6). 
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Chapter 2 
The effects of copper on the valve and cardiac 
activity of Mytilus edulis 
2.1. Introduction 
Blue mussels (Mytilus edulis) are able to detect and respond to increased levels of 
copper in their environment. Davenport & Manley ('1978) measured a threshold detection 
response of 0.3 J.1M and complete valve closure at 3.1 J.l.M. They described the threshold 
detection response as an intermittent movement of the shell valves, along with periodic 
opening and closing of the exhalent siphon. This behavi<..ur, which they called "testing 
behdviour" decreased in frequency as the copper concentration increased above the 
threshold concentration until a concentration was reached above which the animals did not 
open. 
Numerous researchers have studied the effects of copper on the heart rate of 
Medulis. Scott &Major(1972) found. decreased heart rates in Medulis exposed to 6.3 J.1M 
copper for 4 hours. Davenport (1977) showed that mussels exposed to 7.8 J.1M copper for 6 
hour periods alternated with 6 hour periods of clean seawater, exhibited decreased heart 
rates during the time of exposure. Grace & Gainey ( 1987) found decreased heart rates in 
mussels after 4 days of constant exposureto copper concentrations ranging between 0.8-6.3 
J.1M. The most frequent change noted apart from a straightforward decre;.;se in rate was a 
pattern consisting of a series of beats followed by pause and then another series of beats 
(burst activity). 
Since mussels can detect environmental copper, and in response close their valves, it 
is difficult to avoid the conclusion that the copper-induced bradycardia observed in mussels 
occurs because the animals simply isolate ,themselves from their surroundings. Nevertheless, 
no attempts have been made to directly prove this hypothesis, The aim of the present study 
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was to simultaneously measure valve and cardiac responses in Methllis to copper exposure 
(on a long-term basis) in order to establish whether changes in heart rate or heart rate 
variability (HRV; variations in the instantaneous heart rate) can be attributed to valve 
closure. The analysis of HRV (in addition to heart rates) provided an opportunity to 
evaluate the sensitivity of the interpulse duration as a potential biomarker of contaminant 
exposure. 
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2.2. Materials and Methods 
2.2.1. Experimental animals 
Blue mussels, Mytilus edulis, (shell length 4.5-5.5cm) were collect~d from the 
estuary of the River Exe, Devon, UK (The Point, OS Routemaster Series sheet 8, 301 081). 
I>issolved copper concentrations at this site range between 0!009-0.053 1-1M (Environment 
Agency, personal communication). Specimens were transported to the Marine Biological 
Association, Plymouth, and were maintained in aerated, filtered sea water at 1 5-16 oc and 3 3 
%oS in 20 litre tanks. A constant light regime was employed. The animals ·"'ere acclimatised 
to these :onditions for one week prior to experimentation. Water changes were carried out 
every three days. The animals were not fed during acclimatisation or the experimental 
period. 
2.2.2. System overview 
A schematic representation of the recording apparatus is shown in Fig 2.1. All 
recordings of valve movements and cardiac activity were obtained non-invasively, with only 
minimal disturbance to the mussels. 
2.2.3. Monitoring valve movements 
Valve movements were monitored using a Musselmonitor® (I>elta consult b.v., 
Netherlands; deZwart & Sloof, 1987; Kramer et al., 1989; de Zwart et al., 1995). Detection 
of the valve movement response is based on a high frequency (HF) electromagnetic 
induction system. The electronic sensor consists of two small coils, glued (Loctite super 
attack®) to opposite shell halves of the musseL One coil acts as a transmitter of a magnetic 
field generated by a HF oscillating current (500 kHz). The other coil will, depending on- the 
distance from the transmitting coil, intercept part of this magnetic field and a current will be 
induced which is proportional to the distance between the sh~ll halves (Schuring & Geense, 
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Fig. 2.1. Overview of the recording apparatus. 
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1972; Jenner eta/., 1989). To facilitate the·undamaged removal of the sensors Elastoplast® 
fabric stripping was applied. 
The Musselmonitor® was operated using an external power supply (12V battery) 
connected through the communications reel. An ffiM compatible PC was connected to the 
Musselmonitor® via the communications reel. The software program monitoring valve 
positions within the Musselmonitor® was run in combination with a communications 
program, PROCOMM+® (Datastorm Technologies, Inc) within the terminal. The minimum 
and maximum valve positions were determined for each mussel over a 6 hour period prior to 
experimentation. Following this evaluation. delay, the valve position was expressed as a 
percentage of the maximal span (fully closed 0%, fully open 100%), and measured values 
were sent to the PC every 5 minutes (absolute values were recorded as well in order to 
ensure that valve positions had been calculated correctly). The minimum and maximum valve 
positions established during the evaluation delay were updated continuously by the 
Musselmonitor® during the experimental period. 
2.2.4 Monitoring cardiac activity 
Cardiac activity was monitored using the computer-aided physiological monitoring 
system (CAPMON) developed by Depledge & Andersen (1990). A reflective optocoupler 
was glued (Loctite super attack®) directly to the mussel shell, on the mid-dorsal line just 
behind the posterior termination of the hinge (Fig 2.2). The optocoupler consisted of an 
infra-red light-emitting diode (LED) and a phototransistor detector. Both elements were 
mounted parallel to each other facing in the same direction. Infra-red light penetrated the 
mussel shell to illuminate the heart. The phototransistor detected variations in infra-red light 
intensity associated with the heart beat and generated a light-dependent current. This 
current, which is a function of the reflected light, was then amplified and filtered prior to 
input to the CAPMON interface. The optocoupler was connected via a fine (- 1 mm 
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Fig. 2.2 Photograph of a blue mussel (shell length 5cm) with a non-invasive infra-red 
transducer affixed over the cardiac region of the shell. 
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diameter) flexible cable to the CAPMON system, so that the animal was virtually 
unrestrained within its aquarium. Cardiac activity was recorded using 2 separate software 
packages. 
(A) The electrical signal from the CAPMON interface was linked to an mM compatible PC 
(via the centronic port) running the standard CAPMON software. (V3.0). This programme 
allowed variations in reflected infra-red light intensity (associated with the heart beats) to be 
viewed as if these were analogue input signals to an oscilloscope. Two adjustable horizontal 
lines on the screen could then be set to enable triggering of the counting mechanism. When 
the heart beat trace passed through both upper and lower trigger levels, the beat was 
counted. The heart rate was then saved on disk (as beats per minute) for oflline analysis. The 
time resolution of the recordings were then reduced to one data point every 5 minutes, 
calculated as the mean number of beats per minute .for each S minute period. 
(B) In order to assess heart r~te variability (HR V), the individual cardiac signals were also 
transferred from the amplified output side of the CAPMON circuitry (between U ID & U2A, 
see circuit diagram in Depledge & Andersen, 1990) and were connected through to a CED 
140lplus laboratory interface (Cambridge Electronic Design, UK). The CED 140lplus 
interface was linked to an mM compatible PC running Spike2 for Windows V2.0 
(Cambridge Electronic Design, UK). Using this software, the heart beat traces were 
recorded continuously and saved on optical disk. The heart beat traces were sampled at a 
frequency of SO Hz. The macro-script facility within Spike2 was used to automate the oflline 
analysis of interpulse variability. A modified version of the original Spike2 script 
automeas.s2s was used to determine interpulse durations (using peak search mode). Heart 
rate variability (HR V) was expressed as the coefficient of variation (CV) for each 5 minute 
block of time. 
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2.2.5. Experimental protocol 
Four animals were moved to individual 2 litre black aquarium tanks 24 hours before 
experimentation. Sensors were affixed 2 hours prior to monitoring. This ensured that the 
mussels had recovered from the sensor attachment procedure before· recordings were 
initiated (Depledge et al., 1996). The mussels were free to move throughout the tanks. 
Baseline recordings of valve movements and cardiac activity were established for each 
individual over a two day period. Groups of four mussels were then exposed individually to 
either 0, 0.08, 0.8, 3.1, 6.3 or 12.5 J.LM Cu2+ as CuCI2". A 15.6 mM stock solution was 
prepared using filtered seawater, and the appropriate working concentrations were added 
directly to the aquaria. Control animals (OJ,LM Cu) received I ml of filtered sea water. Care 
was taken not to disturb the animals when the copper was added. Recordings were 
continued for a further lO days or until death occurred. Water was changed for each 
concentration every two days. 
2.2.6. Data handling and statistics 
Neither the valve position data, heart rate data nor the coefficient of variation data 
were normally distributed; in fact, these data were bimodal due to periods of valve closure 
paralleled by complete suppression of the heart beat. Thus, median values were used as a 
more robust measure of location than the mean. Median valve positions, heart rates and 
CVs, for each animal, prior to and for 2 days following copper exposure were calculated, 
and these medians were used to compute percentage change for each individual. Regression 
lines of probit percentage- decrease in valve position, inhibition of heart rate and increase in 
CV versus log [Cu] were calculated. This allowed the 48 hour EC50 (concentration causing 
a 50% change) value to be determined from the regression line for each variable. The reader 
• The precise Cu2+ concentrations were 0, 0.078125, 0,78125, 3.125, 6.25 andl2.5 J.lM- equivalent to 0, 
0.005, 0.05, 0.2, 0.4 and 0.8 parts·per million. All diagrams in this Chapter express Cu2• concentrations 
using the.full number of decimal points. 
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who is interested in probit analysis will find good discussions in Gciulden (I 952) and 
Goldstein (1964). Briefly, probits are simply standard deviations, corresponding tci a 
cumulative percentage, coded by the addition of 5.0. Thus; a probit value of 5.0. 
corresponds to a cumulative frequency of SO%, probit value 6.0. corresponds to a 
cumulative frequency of 84.13% and probit value 3.0. corresponds to a cumulative 
freouency of 2.27%. The Kolmogorov-Smimov two-sample test was used to ex11mine 
differences between valve positions, heart rates and CVs before and after copper exposure 
for each individual. 
Spectral analysis of beat-to-beat intervals was used in an attempt to investigate slow 
frequency oscillations (in the sec range) in the instantaneous heart rate of Medulis. This 
mathematical technique provided a quantitative, non-invasive means of assessing the 
existence of any short-tenn neural mechanisms contributing to HRV in this species (see 
Sayers 1973; Chess et al., 1975; McDonald, 1980). The power spectral density function 
was calculated using a fast Fouriertransfonn algorithm (Monro, 1976). 
The product moment correlation eoefficient wa!' used to examine relationships 
between heart rate and HRV versus valve activity. Significance tests for the correlation 
coefficients were not appropriate because none of the data were nonnally distributed (Sokal 
& Rohlf, 1995). 
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2.3. Results 
2.3.1. Valve,activity 
The median valve position of the control animals over a 1 0 day period, was 78% 
valve open. An example of the characteristic valve movement response of M.edu/is in blank 
seawater is presented in Fig 2.3A. It is clear that most of the time the mussel stays open and 
closes only for short periods (5-10 minutes). Occasionally, however, the shells may remain 
closed for up to 3 hours. 'Uhe time between these long enclosure events may vary 
substantially between mussels. Addition of ;?: 0.8 J.LM Cu resulted in a rapid (every 5-10 
minutes) opening and closing of the shell valves; "flappiHg" activity (Fig 2.3C-F). During 
exposur~ to high copper concentrations(;?: 3.1 !!M) this behaviour was preceded by a short 
period (2-3 hours}of complete valve closure (Fig 2.3D-F). 
After 2 days exposure to copper concentrations ranging from 0.08-12.5fiM, median 
valve positions exhibited a double exponential decline as a function of the copper 
concentration (Fig 2.4). The average percentage decrease of the valve positions of mussels 
exposed to the highest concentration of copper was 80% and was 2% for the valve 
positions of mussels exposed to the. lowest concentration (0.08 J.LM). The copper 
concentration causing a 50% reduction in valve position (48 h ECso) was 2.lf.lM (Fig 2.5). 
Typical frequency distributions of valve positions recorded for Medulis 2 days.prior 
to and 2 days following copper exposure are presented in Fig 2.6. Preceding copper 
exposure, the mussels remained open for the majority of the time, with most valve positions 
ranging between 50-l 00%. The distributions of valve positions were not significantly 
different after exposure of mussels to copper concentrations < 0:8 j.lM (p > 0.05) (Fig 
2.6A,B). Exposure of individuals to copper concentrations ;?: 0.8 !!M caused a significant 
decrease in the valve positions (p < 0.01), displacing the location of the frequency 
distributions towards they-axis (Fig 2.6C-F). 
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2.3.2. Heart rate 
The median heart rate of control animals over a 10 day period was 17 beats per 
minute (bpm), The heart rates of control animals were notably more constant than their 
valve movements. Nevertheless, a complete cessation of the heart beat often accompanied 
periods of long-term (up to 3 hours) valve closure (Fig 2.3A). Representative tracings of 
heart rates for animals exposed to each of the copper concentrations are shown in Fig 2. 7. 
The heart rates of animals exposed to 0 and 0.08 J,J.M copper did not appear to change 
significantly over the 10 day period (Fig 2.3A,B & Fig 2.7A,B). Nevertheless, in some 
animals, visual analysis of the tracings proved misleading (se-: below). Animals exposed to~ 
0.8 J,J.M copper showed immediate and long-term changes in heart rate. The irnmc.Jiate 
response of the mussels to the addition of copper was a protraction of the heart beats (Fig 
2.7C-F), causing the heart rate to fall (Fig 2.3C-F). Long-term reductions in the heart rate 
were characterised by a short series of beats followed by a pause (bursting activity). Long-
term changes in the heart rate were apparent after S days exposure to 0. 78125!-IM Cu and 
only 2 hours exposure to 12.SJ,J.M Cu (Fig 2.7C,F). 
After 2 days exposure to copper, median heart rates showed a double exponential 
decay as a function of the copper concentration (Fig 2.8). The average percentage inhibition 
of the heart rates of mussels exposed to the highest concentration of copper was 83% and 
was 17% for the heart rates of mussels exposed to the lo'ht:st concentration (0.08 J,J.M). The 
concentntion of copper causing a SO% reduction in heart rate (48 h ECso) was 0.8 IJM (Fig 
2.9). 
Fig 2. 10 shows typical frequency distributions of heart rates recorded for mussels 2 
days prior to and 2 days following copper exposure. Before copper exposure the heart rates 
of mussels were steady, with the majority falling between 16-22 bpm. Following exposure, a 
significant reduction in heart rates was found for all mussels (p < 0.01), with the exception 
of2 control animals and 2 animals exposed 0.08 J.!M Cu (p > 0.05). The fall in heart rates 
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after copper exposure are evident in Fig 2. lOA-F as a shift in the locations of the frequency 
distributions towards the y-axis. 
2.3.3. Heart rate variability 
The median coefficient of variation (CV) of control animals over a 10 day period 
was 0.08 (ratio of the standard deviation of interpulse durations to the mean). No 
discernible changes in the heart beat rhythm of the animals exposed to 0 and 0.08 J.1M Cu 
were obvious from the tracings of cardiac activity (Fig 2. 7 A,B). However, as observed with 
heart rates, initial evaluation proved deceptive (see below). Heart beat patterns became 
irregular in animals exposed to ~ 0.8 J.1M Cu (Fig 2. 7C-F). The initial effect of dosing the 
musselswith ~ 0.8 J.1M Cu was an erratic beat pattern associated with the protraction of the 
heart beats. Long-term irregularities were a.consequence of bursting activity, 
After 2 days exposure to copper, median CVs exhibited a double exponential rise as 
a function of the copper concentration (Fig 2.11). The average percentage increase of the 
CVs of mussels exposed to highest concentration of copper was 2081% and was 49.2% for 
the CVs of mussels exposed to the lowest concentration (0.08 JJ,M). The concentration of 
copper causing a 50% increase in the CV was 0.06 J.1M (Fig 2.12). 
Representative frequency distributions of CV s recorded for mussels 2 days prior to 
and 2 days following copper exposure are shown in Fig 2.13. Before copper exposure the 
heart beat patterns of mussels were regular, with CVs ranging between 0-0.25. The 
distribution of CVs of control animals was not significantly different after exposure (p > 
0.05) (Fig 2.13A). Exposure of individuals to copper conc.!ntrations ~ 0.08 J.1M caused a 
significant increase in the CVs (p < 0.01), moving the location of the frequency distributions 
towards the right-hand side of the graphs in Fig 2.13B-F. Furthermore, the frequency 
distributions of the CV s became more dispersed following copper exposure, corresponding 
to the alternated periods of regular and irregular beating associated with bursting activity. 
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The nonnal heart rate power spectrum in the blue mussel contains two peaks (Fig 2.14). 
These may be divided into a high frequency (HF) component {039-0A 1 Hz) and a low 
frequency (LF) component (0.01-0.02 Hz). The HF component represents the actual heart 
beat frequency {23-24 bpm for the animal in Fig 2.14). The LF component (in the min 
range) represents a long-tenn trend in the heart rate traces. It is probable that this 
component is a false peak, resulting from slow non-cyclic variations in the data (Sneyd, 
personal communication; see Chess et al., 1975). However, ultradian oscillations (slow 
cyclic variations) in the minute and hour range have been previously reported in other 
species e.g. mammals, reptiles and fish (see, for example, DeVera & Priede, 1993). A 
complex mathematical analysis of the mussel heart rate traces could be used to elucidate the 
precise origin of the LF spectral peak. This type of analysis was not considered to be 
directly relevant to the objectives of the present thesis, but warrants further investigation in 
the future, Overall, however, it is clear that there are no short-tenn neural mechanisms 
contributing to HRV inM.edulis. 
2.3.4. Heart rate and heart rate variability versus valve activity 
These experiments have demonstrated a relationship between the heart rate and 
valve activity of Medulis in clean seawater. Fig 2.3A shows that high levels of heart rate 
are associated with valve gaping, whereas prolonged periods of valve closure are usually 
accompanied by cardiac arrest. Despite these observations, only a modest correlation was 
established between the valve positions and heart rates of the control animals (r = 0.48 ± 
0.02). This paradox appears to result from a multitude of short enclosure events that did not 
coincide with a change in the heart rate (Fig 2.3A). 
Fig 2.15 shows that exposure ofthe animals to increasing copper concentrations(~ 
0.8 ~-tM) progressively reduced the correlation between valve activity and heart rates. At 
low copper concentrations (0.8 & 3.1 11M) the fall in the correlation coefficients were a 
consequence of the rapid flapping ofthe shell valves, a response that was only partially 
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mirrored by fluctuations in heart rate (Fig 2.3C, I>). For animals dosed with ~ 6.3 !!M Cu, 
no association between valve activity and heart rate could be observed (r = 0) (Fig 2.15). 
This also resulted from the rapid opening and closing of the shell valves, but for these 
animals heart rates remained relatively constant (between 1-5 bpm) (Fig 2.3E, F). 
Valve activity was weakly correlated with HRV for control animals (r = "0.32 ± 
0:06). As observed with heart rates, the weak correlation was the outcome of a number of 
short enclosure events that did not correspond to a change in the heart beat regularity. Fig 
2.16 indicates that exposure of the mussels to increasing copper concentrations did not 
affect the correlation coefficients. In this instance, the weak correlation coefficients resulted 
from periods of valve flapping that were only moderately paralleled by changes in the CVs. 
45 
c: 
(J 0.5 ~ 
·u; 
0 0.4 a. 
Q) 
> 0.3 (ij 
> 0.2 (/) 
> 
~ 0.1 
:.0 0.0 ro 
·c: 
ro 
-0.1 0 2 4 6 8 10 14 > 
Q) 
..... 
-0.2 ! ro .... t -0.3 i' f 
ro Q) 
..c: 
I 
-0.4 
c 
.......... 
-0.5 ..... 
c Q) 
-0.6 ·u 
!E Q) 
-0.7 8 Copper concentration (J.!M) 
c 
-0.8 
0 
~ 
ro 
-0.9 
Q) 
1:: 
-1.0 0 
0 
Fig. 2.16. Mean correlation coefficients(± 95% confidence limits) between valve positions 
and heart rate variability (measured as coefficients of variation) in Mytilus edulis for 
increasing doses of copper (n = 4 per treatment). 
46 
2.4. Discussion 
In the past, attempts to monitor behavioural or physiological activity in aquatic 
organisms have been severely hampered by the lack of suitable transducers and monitoring 
systems capable of recording data over long-periods, and from several test animals 
simultaneously, without imposing undue stress (Aagaard et al., 1991 ). Technological 
developments have done much to alleviate this situation. The non-invasive valve and cardiac 
monitoring systems used in the present study proved reliable for measuring valve positions, 
heart rates and heart rate variability (HR V) simultaneously from groups of 4 mussels for 12 
days. Furthermore, there was no apparent reason why monitoring could not have been 
continued' for several more weeks or months. 
2.4.1. Valve activity 
Results from the present experiments indicate that in clean seawater M.edulis keeps 
its shells open for respiration and feeding most of the time, confirming earlier visual 
observations by Loosanoff ( 1942). Similarly, the oyster Ostrea virginica has been reported 
to gape for an average of 17 hours over a 24 hour period (Galtsolf, 1928), Ostrea lurida 
for 20 hours (Hopkins, 193'1) and the clam Mercenaria mercenaria for 21 hours 36 minutes 
(Loosanoff, 1939). 
Although M edulis remains open for the majority uf the time, a number of short 
enciosure events were observed, verifYing earlier findings by Kramer et al. ( 1989). Similar 
transient valve movements have been identified in other marine bivalves including 
Mercenaria mercenaria (Bennett, 1954) and Cardium edule (Morton, 1970), and also in 
the fresh water mussels Hyridella australis (Hiscock, 1950) and Anodonta cygnea (Salanki 
& V er6, 1969). These rapid phasic adductions probably serve to rid the ctenidia of mucus 
accumulations, to expel faeces from the rectum through the exhalent siphon, and to expel 
"pseudofaeces" from the mantle edges (Hiscock, 1950). During spawning these shell 
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movements are1known to become more frequent and rhythmical, presumably to expel larvae 
from the suprabranchial cavities (Hiscock, 1950). 
Medulis also exhibited periods oflong-terrn valve closure, lasting for up to 3 hours. 
A similar phenomenon has been observed in the tropical marine bivalve lsognomum alatus 
{Trueman & Lowe, 1971). In common with l.alatus (Trueman & Lowe, 1971), these "rest" 
periods in Medltlis appear to be spasmodic rather than rhythmic. In the present study, this 
lack of rhythrnicity probably results from the specimens of Medulis being kept for several 
days in constant laboratory conditions. After-all, exogenous tidally-correlated patterns of 
shell opening, heart rate and ventilation have been well documented in this species (Helm & 
Trueman, 1967; Davenport, 1981; Davenport & Woolington, 1982). 
With regards to shell adduction, there is little published evidence for clear-cut 
endogenous rhythrnicity, neither for mytilids, nor for other bivalves (Ameyaw-Akumfi & 
Naylor, 1987). Observations from the present study broadly confirm this in Medulis. 
Nevertheless, Ameyaw-Akumfi & Naylor ( 1987) presented some evidence for a weak 
circadian endogenous rhythrnicity in shell-gaping in Medulis, with a greater duration of 
shell closure during hours of expected day-light. Such a behaviour is thought to represent 
an adaptational response against visually-feeding predators. In the future, a periodogram 
analysis of the valve data from this study could be used to clarify the existence of this 
possible endogenous rhythm. 
Davenport & Manley (1978) demonstrated that the response of Medulis to added 
copper is a three-part process. First, a sharp adduction of the shell valves is seen at a mean 
total copper concentration of only 0.3 I!M, then as the copper concentration rises, "testing 
behaviour" is observed (alternating periods with the valves parted and sealed) and finally the 
shell valves close to isolate the animal from its environment. Complete valve closure only 
occurred at copper concentrations ~ 3.1 j.lM. Manley & Bavenport {1979) reported 
identical behavioural responses in the marine bivalves Crassostrea gigas, Modiolus 
demissus, Anadara senilus (the "blood clam") and Modiolus modiolus when exposed to 
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copper. For these species, detection thresholds (interruption ofnormal valve movements) 
ranged between 0.8-2.2 IJ.M. Akberali & Black (1980) reported that specimens of 
Scrobiculariaplana changed their behaviour in the presence of copper at concentrations of 
0.2 and 0.8 IJ.M. A reduction in activity was observed at 1.6 IJ.M while copper at a 
concentration of 7. 8 IJ.M resulted in a rapid-(< 1 minute) closure of the valves. Similarly, the 
freshwater snail Taphius glabra/us exhibits "distress" (intermediate between normal and 
retracted behaviour) at 0.8 IJ.M copper and retracts into its shell at 1.6 J.LM copper (Harry & 
Aldrich, 1963). 
The present investigation assessed the long-term effects of copper on the valve 
movements of M edulis. Initial responses were the same as those described by Davenport & 
Manley ( 1978), with testing behaviour apparent at a copper concentration of 0. 8 J.LM, and 
cor.:plete valve closure at concentrations ~ 3.1 J.LM. It is interesting to note tha~ the 
detection threshold for these mussels is little more than one order of magnitude greater than 
the background copper concentration in their natural habitat. Long-term changes (which 
have not been previously documented by other authors) were typified by a flapping of the 
shell valves, resembling "testing behaviour". Presumably, this flapping behaviour refreshes 
the water in the mantle cavity to relieve any respiratory stress caused by valve closure. 
Other investigators have addressed the valve movement responses of bivalves 
exposed to other pollutants. A comprehensive summary is given in de Zwart et al. (1995). It 
would appear that Medu/is is sensitive to a variety of heavy metals, pesticides, oils and 
surfactants. Reactions to these toxicants are similar to t~t0se described for copper in the 
present stuJy. Thus, Medulis seems to exhibit a generalised behavioural response to toxic 
contaminants. Similar reactions have also been observed in other marine and freshwater 
bivalves including Ostrea edulis, Dreissena polymorpha, Unio pictorium, A.cygnea and 
Corbiculajluminea (Zwart et al., 1995) 
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2.4.2. Heart Rate 
Helm & Trueman (1967) found that Medulis had a heart rate ranging between 24-
26 bpm when kept continuously submerged at l7°C, while Scott & Major (1972) recorded 
a mean heart rate of 19 bpm at 10°C, and Grace & Gainey (1987) recorded a rate of 14 
bpm at 5°C. In the current study, specimens of Medu/is had a median heart rate of 17 bpm 
at 15°C. Nutritive stress during acclimation and experimental periods may explain why this 
median heart rate value is lower than would normally be expected. For example, Widdows 
( 1973) demonstrated that starvation gradually reduced the heart-beat frequency of Medu/is 
from 22.5 to 14.5 bpm (15°C) over a 28 day period. Nutritive stress may also explain why 
the heart rates of two control animals (and possibly two animals in the 0.08 J..LM Cu group) 
dropped 2-3 bpm below the basal frequency during the course of the experiments. 
Although many of the physiological rate functions measurable in bivalves during 
activity, e.g. pumping rate and oxygen consumption, are notoriously variable, heart rate is 
reasonably constant and, indeed, largely independent of quite large changes in oxygen 
consumption and pumping activity {Thompson & Bayne, 1972} Depending on the species, 
heart rate might be expected to vary by 2, 3 or 4 bpm over a period of hours (Coleman, 
1974; Earll, 1975). In the present investigation, the heart rates of Medulis were uniform, 
except for periods of long-term valve closure, when a complete suppression of the heart 
beat was observed. 
Aerial exposure of Medulis results in partial or complete valve closure and this is 
accompanied by bradycardia and occasionally leads to a complete cessation of the heart beat 
(Woortman, 1926; Schlieper, 1955; Helm & Trueman, 1967; Coleman and Trueman, 1971). 
From the present study, it is clear that prolonged valve closure during immersion produces 
the same effects on heart rate. Valve closure leads to a drastic drop in the p02 and an 
increase in pC02 levels in the mantle cavity water in M edulis (Bayne, 1971), and it is this 
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drop in the oxygen tension, rather than any mechanical effect of closed valves, that is 
believed to·attenuate beat frequency. 
The copper induced bradycardia observed in Medulis in the current study is 
consistent with earlier publications (see introduction). However, after 2 days exposure to 
copper, the value obtained for the copper concentration leading to a 50% reduction in heart 
rate (0.8 IJM) was approximately a third of that quoted by Grace & Gainey (1987) (2.7 
IJM), This may be due to the use of animals from different sites. Animals used in the present 
study were collected from a reasonably unpolluted site, while animals collected in Casco 
Bay, Maine (as described by Grace & Gainey, 1987) are known to show markedly elevated 
levels of trace metals including copper (Goldberg et al., I983). Chronic exposure to copper 
in the environment will induce tolerance to the toxic effects of the metal and may well 
decrease the sensitivity ofthe animals to experimental exposure{Howell et al., 1984). 
In common with Medu/is, Akberali & Black (1980) reported an immediate drop in 
the heart rate of the marine bivalve mollusc, S.plana, exrosed to copper concentrations 
rant)ing between 0.2 j.lM-7.8 j.lM. In contrast, copper has a biphasic action on the heart beat 
frequency of the common shore crab, Carcinus maenas. Low doses (3.1-I5.6 J..LM) increase 
the heart rate (Aagaard & Depledge, 1993; Lundebye & Depledge, 1996) while higher 
doses (156.3 J..LM) produce depression (Depledge, 1984a). Similarly, Costa (I980) reported 
that exposure of the freshwater shrimp, Gammarus pu/ex, to high copper concentrations 
(I mM) led to a decrease in heart rate, whereas low concentrations (I 0 J..LM) excited the 
heart. 
A number of studies have examined the heart rates of bivalves exposed to other 
pollutants. Bradycardia has been observed in Mytilus californianus exposed to aromatic 
hydrocarbons (Sabourin & Tullis, I98I ), in S.plana dosed with zinc (Akberali et al., I981 ), 
and in the sandy-beach bivalve, Donax serra, exposed to chlorine (Stenton-Dozey & 
Brown, 1994). With regard to other marine invertebrates, disruption of cardiac activity has 
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been demonstrated following exposure to- zinc, lead and mercury in G.pulex (Costa, 1980), 
arsenic in the gastropod Hemifusus tuba (Depledge & Phillips, 1987), mercury in,C.maenas 
(Depledge, 1984a), the freshwater crab, Potamon potanias (Styrishave et al., 1995; 
Styishave and Depledge, 1996) and the crayfish, Astacus astacus (Styrishave et al., 1:::95), 
crude oil in C.maenas (Depledge, 1984b) and the organophosphate pesticide, dimethoate-in 
C.maenas (Lundebye et al., 1997). These studies-reveal that the effects of contaminants on 
the heart rates of marine invertebrates are (a) species-specific and (b) dependent upon the 
nature. of the pollutant. 
2.4.3. Heart rate variability (HRV) 
In clean, well oxygenated seawater, the beat-to-beat interval of Medulis is 
extremely regular, confirming earlier observations by Depledge et a/ (1996). To date, there 
is no other literature available regarding interpulse vari~tbility in the hearts of bivalve 
molluscs. The absence of marked beat-to-beat variability in Medulis can be explained by 
the fact that there are no short-term cardiovascular control systems contributing to HR V in 
this species. In contrast, the instantaneous heart rate in mammals is not so constant but 
fluctuates around a mean value due to a combination ofhumoral and neural influences on 
the pacemaker. The spectrum of the mammalian HRV signal has three distinct frequency 
components which are attributed to thermal vasomotor activity (approx. 0.05 Hz), blood 
pressure control system activity (approx. 0.1 Hz) and respiratory arrhythmia (approx. 0.25 
Hz) (Sayers, 1973). Short"term oscillations in instantaneous heart rate have also been 
reported in teleost fishes. In pike (Esox lucius), brown trout (Salmo trutta) and Atlantic 
salmon (Salmo salar), HRV spectra have one peak (0.02-0.07 Hz) linked to blood pressure 
control (Armstrong et al., 1989; Altimiras et al., 1996). Complex beat-to-beat variability 
has been reported in the heart of the lobster, Homarus americanus (Hokkanen & DeMont, 
1997), but the precise origin of the spectral peaks has yet to be resolved. Ventilation is a 
likely source of HR V in the lobster, because complex interactions between respiratory and 
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circulatory systems have been documented in this species (Hokkanen & DeMont, 1992). 
Results from the present study suggest that there is an absence of close nervous coupling 
between ventilation rate and heart rate in Medulis. These results concur with those of 
Widdows (1973), who showed a lack of direct correlation between the rate of oxygen 
consumption and heart rate in Medulis. 
Grace & Gainey ( 1987) reported irregularities in the beat pattern of Medulis 
following copper exposure. The most frequent change noted was a pattern consisting of a 
series of beats followed by a pause then another series of beats (bursting activity). Trueman 
( 1967) reported this type of activity in mussels exposed to air both in the natural 
environment and in the laboratory. Trueman (1967) also showed that the rhythm became 
regular after reimrnersion. In the current study, bursting activity was evident within 2 hours 
at the highest concentration of copper (12.SJ..LM); moreover the time necessary to cause 
bursting activity increased as the copper concentration decreased. Grace & Gainey ( 1987) 
fou;1d that in some mussels exposed to their two lowest concentrations (0.8 !!M & 1.2 f-LM), 
burst activity disappeared after several days and regular beating resumed. In the present 
investigation, the same response occurred in one animal exposed to 0.8 !!M copper. These 
results, together with Trueman's (1967) observations, suggest that burst activity is not 
indicative of permanent damage to the,heart. 
The concentration of copper causing a SO% increase in HRV (0.06 J..lM) is an order 
of magnitude lower than the concentration of copper causing a SO% decrease in heart rate 
(0.8 J.l.M). Furthermore, Depledge et a/ (1996) showed that when sensor attachment was 
mimicked in Medu/is (i.e. handling stress), short-lived changes in interpulse durations were 
detected, but the mean heart rate remained unchanged. T'hese results sugoest that HRV in 
M.edu/is is a more sensitive indicator of environmental stress than heart rate. 
Several authors have shown that cardiac activity patterns are disturbed m the 
presence of pollutants, hence variability in instantaneous heart rate increases (Holwerda & 
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Opperhuizen, 1991). With reference to marine invertebrates, Lundebye & Depledge (1996) 
reported increased intra-individual variability in the cardiac rhythms of C.maenas exposed 
to copper. In contrast to Medulis, shore crabs dosed with copper exhibit periods of 
tachycardia in addition to bradycardia and cardiac arrest. Similarly, Depledge & Lundebye 
(1996) found that intra-individual variability in the heart rate (measured as bpm) of rock 
crabs, Hemigrapsus edwardsi, increased along a contamination gradient (trace metals, 
hydrocarbons & sewage) in·Otago Harbour, New Zealand, 
2.4.4. Heart rate and heart rate variability versus valve activity 
Woortman (1926) who showed that the heart rate is reduced during periods of long-
term valve closure first demonstrated a relationship between heart rate and valve activity in 
Medulis. More recently, this phenomenon has been reported in a number of other bivalve 
moUuscs (Bayne, 1971; Coleman & Trueman, 1971; Coleman, 1974; Earll, 1975; Brand, 
1976; Akberali, 1978; Dietz & Tomkins, 1980; Akberali et al., 1981; Akberali & Trueman, 
1985). Long-term valve closure and reduced heart rate are not restricted to periods of aerial 
exposure since many bivalves, /;a/atus, for example (Trueman & Lowe, 1971), show 
spontaneous periods of reduced activity even during periods of continual immersion. 
Results from the current study demonstrate that a similar situation occurs in M. edulis. 
Despite a relationship being established between valve- and cardiac activity in 
M edulis, cross correlations between these activities were weak. This was a c6nsequence of 
a multitude of short-enclosure events which did not correspond to a change in cardiac 
activity. Thus, it is not generally possible to obtain a measure valve. activity by inspection of 
heart rate orHRV tracings inMedulis. 
2.4.5. Is tbe disruption of cardiac activity a consequence of valve closure ? 
Davenport & Redpath (1984) suggested that changes in the cardiac activity of 
Medu/is exposed to copper are the result of valve closure. The experiments here have 
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revealed that this cannot be the only explanation because all of the test animals that 
exhibited changes in cardiac activity, did interact with the polluted seawater, by frequently 
opening and closing their shell valves. 
Davenport (1979a,b) and Davenport & Woolmington (1982) showed that Medl1/is 
is capable of altering pumping rates without changing shell gape by control of the exhalent 
siphon. Manley ( 1983) showed that closure of the exhalent siphon in Medulis occurs at the 
same copper concentrations that cause an initial interruption of the shell valve movement 
pattern. Thus, there is a suggestion here that the bradycardia and the irregularities in cardiac 
rhythms seen in the present experiments may have been due to a reduction in the oxygen 
tension of the mantle fluid caused by siphon closure. However, visual observations showed 
that during long-term copper exposure the exhalent siphon opens and closes periodically; 
opening of the siphon usually coinciding with increased valve gape. Furthermore, except for 
during the first 90 minutes of exposure, copper concentrations (as CuCh) below 15.6 J.l.M 
do not significantly affect the rate of oxygen consumption in Medl11is (15 hour exposures; 
concentrations lower than 3.1 J.1M have no effect even over the first 90 minutes) (Scott & 
Major, 1972). 
2.4.6. Concluding remarks 
The experiments here have revealed that the initial effects of high levels of copper(::?. 
3.1 J.1M) on Medulis are valve closure and cardiac inhibition. It is probable that a fall in the 
oxygen tension of the mantle cavity accounts for the disruption of the cardiac activity 
observed at this time. Presumably, valve closure allows a relatively sedentary bivalve like 
Medulis to temporarily avoid contamination and withstand episodic environmental threats. 
After 2-3 hours exposure to high copper concentrations Medulis flap their shell 
valves. This behaviour was also observed from the outset in mussels exposed to low levels 
of copper (0.8 J.l.M). At high copper concentrations, flapping activity is probably a response 
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to compensate for the metabolic acidosis (caused by the accumulation of anaerobic 
metabolites; see Zandee et al., 1986) and oxygen deprivation caused by prolonged valve 
closure, whilst minimising direct contact with the copper containing .medium. At low copper 
concentrations, the rapid opening and closing ofthe shell valves may reduce the effects of 
the pollution without incurring the metabolic disadvantages of full isolation. Although 
flapping activity renews the water in the mantle cavity, mussels still exhibit bradycardia and 
irregularities in cardiac rhythms. These findings are important because they contradict the 
earlier view that copper-induced bradycardia in mussels occurs because the animals simply 
isolate themselves from their environment. 'J:hus, by excluding valve closure, we are left 
with the possibility that copper is acting by either (a) directly affecting cardiac muscle 
contraction, or (b) targetting the nervous control system. 
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3.1. Introduction 
Chapter 3 
Effects of copper on voltage-activated curreD11ts 
in Mytilus edulis ventricular myocytes 
In the previous chapter, long-term recordings of cardiac activity and valve 
movements were monitored simultaneously in the blue mussel, Mytilus edulis, exposed to 
five concentrations of copper. The concentration of copper causing a 50% reduction in 
heart rate (EC50) was found to be 0.8 j.!M. Simultaneous measurements of valve activity 
indicated that the observed bradycardia was not caused by valve closure because the 
animals did interact with the polluted seawater, by rapidly flapping their shell valves. These 
results may represent a direct effect of copper on Medulis heart muscle cells. One 
possibility is that copper disrupts the heart rate of Medulis by blocking ionic currents in the 
ventricular myocytes, thereby altering the configuration of the cardiac action potential. 
Ionic channels are macromolecular pores in cell membranes (Hille, 1992). Excitation 
and electrical signalling in nerve, muscle and other tissues involves the movement of ions 
through ionic channels. Na+, K+, Ca2+ and er ions seem to be responsible for almost all of 
the action. Each channel can be regarded as an excitable molecule as it is specifically 
responsive to some stimulus: a membrane potential change (voltage-gated channels), a 
neurotransmitter or other chemical stimulus (ligand-gated channels), a mechanical 
deformation (stretch-activated channels), and so on. Ionic channels have been extensively 
studied in vertebrate cardiac cells (Tsien et al., 1988) but little is known about the variety of 
such channels in invertebrate heart cells (Gardner & Brezden, 1990). In these experiments, 
in order to investigate cardiovascular control in M.edu/is, ventricular myocytes were 
dissociated and their voltage-sensitive cation currents were identified and characterised 
under whole-cell voltage clamp (Hamill et al., 1981 ). These data provide the first 
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comprehensive, study of the ionic conductances in the cardiac tissue of a bivalve mollusc and 
form a basis for comparison with analogous vertebrate heart cells. 
A number of neurological disorders are known to be caused by heavy metals in 
animals and man, like ataxia, convulsions, disturbances of behaviour and deficits in memory. 
The precise cellular and membrane processes underlying these dysfunctions have yet to be 
elucidated, although a number of investigations refer to the effects of various metal ions on 
the function of voltage-activated ion channels (e.g. Gilly & Arm strong, 1982; Audesirk & 
Audesirk, 1984; Audesirk, 1987; Mahaut-Srnith,· 1989; Biisselberg et al., 1990a, b; S.-
R6zsa & Sahmki, 1990, 1991). In molluscs, for example, copper has been shown to regulate 
physiological and behavioural events in both pond and terrestrial snails (Lymnaea stagna/is 
and Helix pomatia) by modulating neuronal voltage-sensitive ionic currents (S.-R6zsa & 
Salanki, 1990). 
In an effort to understand the mechanism of action of copper on the cardiac activity 
of M edulis the effects of copper on voltage-activated ionic currents in isolated ventricular 
cells were examined. 
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3.2. Materials and Methods 
3.2.1. Cell isolation 
Specimens of Medu/is were collected from the estuary of the River Exe, Devon, 
and were transported to the Marine Biological Association, Plymouth. Animals were 
maintained in aerated, filtered seawater at 15-l6°C under a constant light regime, Ventricles 
were-dissected from 2-3 specimens of Medulis. After removal ofthe rectum, tissue was cut 
into small pieces (I mm\ suspended in artificial sea water (In mM: 470 NaCI, 50 MgCb, I 0 
KCI, 10 CaCb, 10 Hepes, adjusted to pH= 7.8 with Na0H, osmolarity= 1000 mmol/kg) 
and gently washed in a rotary shaker for 30 min. The tissue pieces were then transferred to 
a nominally calcium free ASW (magnesium substituted for calciUm) containing 2 mg/ml 
trypsin type II1 (Sigma) and left for 30 min at l5°C. After washing in fresh, nominally 
calcium free ASW, tissue was resuspended in 8 mg/ml collagenase P (Boehringer 
Mannheim) and 4 mg/ml papain (Sigma) in nominally calcium free ASW and incubated at 
22°C with gentle agitation for 2.5 h. Periodically during incubation, tissue was gently 
triturated using a flame polished Pasteur pipette. 
Upon dissociation, the myocytes were carefully washed with nominally calcium free 
ASW and seeded on circular coverslips which were immersed in ASW in a recording 
chamber. Coverslips had been previously soaked in 70% ethanol for 30 min, rinsed 
exhaustively, then soaked in IO% poly-L-lysine (Sigma) for S min and left overnight. 'Phe 
recording chamber was mounted directly on the stage of a Nikon inverted microscope and 
maintained at a temperature of I sac using a Pettier cooler. The cells were viewed under 
Normarsk.i Differential Interference Contrast (DIC) optics. 
3.2.2. Electrophysiology 
Ionic currents in ventricular myocytes were investigated under voltage-clamp using 
the patch-clamp technique in the whole-cell configuration (Hamill et al., 1981). "fhe 
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principle of this method is to isolate a patch of membrane electrically from the external 
solution and to record current flowing into the patch. This is achieved by pressing a fire 
polished pipette, which has.been filled with a suitable electrolyte, against the cell membrane 
to establish a "gigaseal" (a seal whose electrical resistance is more than a GO). Whole-cell 
recording is attained by rupturing the patch of membrane, by applying pulses of suction to 
the pipette interior or by using brief hyperpolarising voltage steps ("zapping"), which brings 
the cell interior into contact with the pipette interior. This "break in" results in electrical and 
diffusional continuity between the pipette and the cytoplasm.· 
Components of a typical patch-clamp set-up are shown in Fig 3.1. 
3.2.3. Patch Pipettes 
Electrodes were pulled from filamented soda glass capillaries (l.Smm o.d., Clark 
Electromedical Instruments) with a Flaming-Brown micropipette puller (Model P-87, Sutter 
Instruments). In the bath; with ASW as the external solution, patch pipettes had resistances 
of 2-6 MQ when filled with potassium glutamate (in mM: 470 Glutamic acid, 10 NaCI, 4 
MgCb, 20 Hepes, 3 EGTA, adjusted to pH= 7.4 with KOH, osmolarity= 870 mmol/kg) or 
caesium aspartate (in mM: 500 D-aspartic acid, NaCI, 4 MgCb, 20 Hepes, 3 EGT A, 
adjusted to pH = 7.4 with CsOH, osmolarity = 960 mmollkg). Seal resistances were 
typically in the range of 1 to 6 GQ. 
3.2.4. Patch recording 
Membrane currents were recorded using an Axopatch 200A patch-clamp amplifier 
(Axon Instruments, Inc), low pass ft.ltered at 2 kHz. Low pass filtering of 
electrophysiological signals serves two purposes: the elimination of high-frequency 
components to eliminate aliasing and the reduction of background noise in order to increase 
the signal-to-noise ratio (Heinemann, 1995). Stimulation pulse protocols were generated by 
a CED 1401 computer controlled laboratory interface using the Patch software suite V6.0 
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Fig. 3.1 Components of a patch clamp setup. The patch clamp setup is equipped with the 
following instruments: (1) vibration isolation table to damp out microscopic movements 
and vibrations (2) Faraday cage to shield the patch clamp pre-amplifier from electrical 
noise (3) inverted microscope with Normarski DIC attaclunent (4) headstage of the patch 
clamp amplifier, mounted onto a hydraulic micromanipulator with a rotatable platform for 
pipette exchange (5) suction pipette holder which (a) provides an electrical connection 
between the patch pipette solution and the headstage and (b) allows suction or pressure to 
be applied to the pipette (6) bath preparation, grounded by a silver pellet connected to a 
socket at the rear of the headstage (7) Patch clamp amplifier (8) Oscilloscope for 
monitoring current and voltage signals (9) CED 1401 computer controlled laboratory 
interface for pulse generation ( 1 0) Computer for data acquisition. Low resistance leads are 
used to earth the equipment from interfering electrical noise. 
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(Cambridge Electronic Design). Pulses were applied for 60 ms between -110 and 90 mV, 
with 10 mV potential step increments from a holding potential ranging between -40 to -60 
m V. Both the voltage steps and currents were sampled at a frequency of 18 kHz. Data were 
stored on disk for off-line analysis. All voltage and current records show the results from 
single stimulus presentations. By convention, outward currents were considered positive 
and are shown as upward deflections, whilst inward currents were considc:oed negative and . 
are presented as downward deflections. 
3.2.5. Liquid junction potentials 
Where differences in ionic composition exist between pipette and bath solution, a 
correction must be applied for the junction potential across the boundary between the two 
solutions (Ogden & Stanfield, 1994). Liquid junction potentials are due to different 
mobilities of ions at interfaces between different solutions (Bockris & Reddy, 1970). 
Intuitively, they can be understood as a result of some imbalance of charge, which results 
when the mobile ion diffuses more rapidly across the concentration gradient at the interface 
(Neher, 1992). Prior to seal formation the liquid junction at the tip typically is that of a 
potassium rich solution in the pipette against physiological saline in the bath. If KCI is the 
predominant salt in the pipette, then the liquid junction potential is only about 3 mV, the 
pipette being negative with respect to the bath. In the case of these experiments, however, 
the pipette filling solutions were either glutamate- or aSpartate-based. These anions will Jag 
behind in the diffusion such that the pipette will be negative by about I 0 m V (Marty & 
Neher, 1995). This is relevant for subsequent whole cell recording because it is standard 
practice to null the pipette current, so that the patch clamp amplifier reads zero-current and 
zero-voltage at the beginning of the measurement while the !'ipette interior is actually at -10 
m V In the whole-cell configuration, however, the junction potential at tne pipette t:p no 
longer exists, particularly after diffusional equilibrium between the cell interior and the 
pipette. Then, the pipette potential and the cell interior will still be at the -10 m V whilst the 
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patch clamp amplifier reads zero-voltage. Thus, all voltage readings of the amplifier have to 
be,corrected by this amount. 
Liquid junction potentials were determined experimentally according to Neher 
(1992). In brief, a wide-bore patch pipette (- 2 J.1M diameter) was .filled with 3 M KCI. This 
pipette was used as a bath ground. Another patch pipette was filled with the solution to be 
tested, and mounted onto the patch clamp headstage. At first, using the tracking mode of 
the Axopatch 200A amplifier, the same solution as used for each pipette solution was 
perfused into the chamber and the offset potential was cancelled by adjusting the pipette 
offset control on the amplifier. Then, ASW was perfused and the potential change was 
considered to be the liquid junction potential between each internal solution and the ASW. 
The liquid junction potentials were found to be 11.5 mV with potassium as the internal 
pipette solution and 6 mV with caesium as the internal solution, where the potential inside 
the electrode was negative. The actual membrane potentials in the ASW were 11.5 or 6 m V 
more negative than the observed value, if the pipette potential was cancelled to zero in the 
ASW before gigaseal formation. Therefore the holding command was set to 11.5 mV or 6 
mV more positive than the described value, for example, -48.5 or -54 mV, instead of the 
described value, ·60 m V. 
3.2.6. Series resistance 
The equivalent circuit used to represent the whole-cell recording condition is 
illustrated in Fig 3.2. The current in the pipette, defined for whole cell recording as positive 
flowing from pipette to cell, flows· first through a resistance in series with the cell membrane 
to represent the pipette tip. If this series resistance is R. and the pipette current is ip, a 
potential difference between pipette to cell of amplitude ipR. results. This potential needs to 
be subtracted from the command potential (V clamp) to yield the cell potential (V m ; Ogden & 
Stanfield, 1994). For outward K+ currents, if series resistance errors are not compensated 
for, V m becomes smaller (more negative) than V clamp as the channels open, because R. 
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Fig. 3.2 Equivalent electrical circuit of whole cell recording. Current im flows in the cell 
resistance Re and le in the capacitance (see section 3.2.7). Pipette current, ip = im + ic 
flows in the series resistance Rs between pipette and cell and produces a voltage error V P 
- Ye= ipRs (from Ogden & Stanfield, 1994). 
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. prevents the clamp from successfully drawing away all of the outtlowing current. This 
results in fewer channels opening than when R. is negligible, and they open more.slowly, to 
make the observed total outward current artifactually small. With. inward currents V m 
becomes larger (more positive) than VcLunp owing to series resistance error. Thus, more 
channels open than in the absence ofsignificant R., and they open more rapidly (Armstrong 
& Gilly, 1992). This makes the channels appear more. voltage sensitive than they really are, 
severely distorting I-V curves. 
In these experiments series resistance was measured and electronically compensated 
(to ~ 80%) by the Axopatch 200A amplifier. The series resistance compensation present in 
the patch clamp amplifier allows a fraction of ipR. to be added to the command potentia] to 
partly correct the error. Voltage errors of only a few rnillivolts occurred at peak current 
levels, and this error was not compensated for. Series resistances were usually between 4 
and 45 Mn, with a mean of 13.5 ± 1.3 (SE) Mn (N =52). 
3.2.7. Cell capacitance 
To a physicist, a capacitor consists of two conducting plates separated by an 
insulator and acts to separate charge. In the case of a cell, the internal and external solutions 
and the membrane constitute the "membrane capacitance". Positive charge on the outside is 
attracted to negative charge on the inside of the membrane, with the lipid bilayer acting as 
an insulator (Armstrong & Gilly, 1992). One picofarad of membrane capacitance represents 
approximately I 00 ~-tm2 of membrane surface area. Because current measurement is 
extremely sensitive during patch recording it is possible to measure the membrane area with 
great accuracy by monitoring membrane capacitance (Cahalan & Neher, 1992). It is often 
useful to cancel the currents involved in charging the cell membrane capacitance during 
whole-cell recording. Capacitance compensation avoids saturation of the amplifier's 
headstage during the sudden high-amplitude currents generated at the onset of large voltage 
pulses (Marty & Neher, 1995} 
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:fhe cell capacitance was compensated using the nulling circuitry of the Axopatch 
200A amplifier. 'fhis system injects current into the pipette to cancel the capacitative 
currents. Whole cell capacitances measured from the potentiometer were found to be in the 
range 3 to 70 pF with an average of 34.3 ± 3.3 (SE) pF (N=S2). 'these membrane 
capacitances are reasonably large and indicate a mean cell membrane surface area of 3430 
1Jm2 
3.2.8. Leak currents 
When voltage-sensitive 10n channels are activated in whole-cell recording, the 
current that is measured is superimposed on a holding current. This holding current or "leak 
current" is due to the passive electrical membrane properties of the cell. 'fhese passive 
membrane properties are a result of ionic permeabilities not associated with voltage-
sensitive ion channels. These leak currents must be subtracted from the original data in 
order to reveal the membrane currents that result from channel openings. 
Leakage currents were subtracted offline from the active currents With the use of the 
standard leak subtraction protocol contained within the Patch software suite. From a given 
holding potential, the correction signal was obtained by averaging five hyperpolarising 
traces, a procedure that does not activate ion channels bui allows measur'!ment of passive 
membrane properties. The average is then subtracted from the events of interest. 'this 
protocol assumes that the leak current is purely ohmic, i.e. linear and symmetrical over a 
wide range of potentials. 
3.2.9. Space clamp problems and rundown 
Membrane current should be recorded from an area of uniform potential, so that the 
current comes from a population of channels that are all experiencing the same voltage 
(Halliwell et al., 1994). Under these-circumstances the preparation can be described as well 
"space clamped". Measured current in the absence of voltage uniformity bears no 
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resemblance to current from a well space-clamped cell (Annstrong & Gilly, 1992). Whole-
cell patch clamp is often applied to small cells where a very good space clamp is achieved. 
lihe large membrane surface areas of the ventricular myocytes used in this study did, in 
some instances, hinder adequate space clamping. 
Another problem encountered was related to the need to break the membrane at the 
interface between the cytoplasm and the interior of the patch pipette, The exchange of 
material between the interior of the cell and the pipette solution can result in the dilution, or 
"washout," of the cytoplasmic constituents that may affect the functional properties of the 
ion channels (Horn & Korn, 1992). A common example of the deleterious consequences of 
the diluted cytoplasm is the decline (i:e. rundown) of calcium channel function. 
Data from ventricular myocytes with poor space clamping, rapid run-down or with 
unstable currents were not included. 
3.2.10. Solutions and drugs 
Pharmacological agents (Sigma) were used to selectively block ionic currents. These 
included tetraethylammonium (TEA•), 4-arninopyridine ( 4-AP), cobalt (Co2•) and 
nifedipine. The drugs were dissolved in distilled water, except nifedipine, which was 
dissolved in absolute ethanol and stored at S°C in the dark. Experiments with nifedipine 
were carried out in the dark to prevent photo-oxidation. Copper (Cu2) was applied to the 
external bath solution as CuCh. 
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3.3 Results 
3.3.1. Myocytes 
The dissociation procedures employed did not produce a high yield of myocytes. 
Nevertheless, in the majority of experiments several myocytes from each dissociation could 
be patch-clamped. Myocytes were generally long and broad (1 50-250 x 15-25 j.lM) (Fig 
3. 3 ), and most firmly adhered to the coverslips, such that the tip of a patch pipette could be 
easily pressed against their .surface membrane. Immediately after dispersion some of the 
cells showed spontaneous contractile activity but were usually quiescent after 2 hours. 
' 
Dissociated cells only remained viable for patch-clamping up to 4 hours after isolation. The 
addition of I 0 mM 0-glucose did not enhance survival nor influence the patch-clamp 
records. Thus, 0-glucose was not added to the ASW bathing the myocytes. Ventricles of 
marine bivalves have extremely high glycogen levels (Eilington, 1,985). Thus, it is clear that 
these myocytes should have had sufficient endogenous reserves of metabolic fuels for the 
period over which they were used. In addition to the myocytes, a second type of cell was 
commonly seen. These were spherical cells which had diameters of 12.5-20 j!M. This type 
of cell did not show any spontaneous activity and was probably an epithelial cell type (these 
cells were not studied). 
3.3.2. Outward potassium currents 
Outward currents were studied using a patch pipette with potassium glutamate as 
the internal solution, and were activated in all of the myocytes examined by depolarising 
voltage steps from a nominal holding potential of -60 m V, e.g. Fig 3.4A. The current was 
apparent in steps to potentials more positive than -40 mY and increased linearly with the 
size of the potential step (Fig 3.4B). In 33% of the cells (7 out of 21) the current was 
composed of a transient and a sustained component (Fig 3.5A). In order to identify the ionic 
species carrying the outward current tetraethylammonium (TEA) was added to the external 
ASW bathing themyocytes. TEA is known to block a variety of potassium currents in both 
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Fig. 3.3 A photomicrograph, under differential interference microscopy, of a dissociated 
ventricular myocyte from the blue mussel, Mytilus edulis. Scale bar =. 20 j.!M. 
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Fig. 3.4A, B Whole-cell currents from an isolated heart cell. A Family of currents (upper 
traces) in response to a series of voltage steps (lower traces) from a holding potential of-
60 m V. 8 Current-voltage (/-V) relationship for the above cell showing the variation in 
peak current at different test voltages. 
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Fig. 3.SA-D Two types of potassium currents in ventricular myocytes. IK and lA can be 
separated in the whole cell recording using voltage steps from different holding 
potentials. A The whole cell currents from a holding potential of -60 m V. B The whole 
cell currents from a holding potential of -40 m V where lA is largely inactivated. C 
Computer subtraction of B and A to show lA in isolation. D /-V plots of the instantaneous 
currents I 0 ms after the start of the voltage steps. 
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vertebrate and invertebrate cells (Hille, 1992). As seen in Fig 3. 6, 30 mM TEA was 
effective at reducing both the initial peak current and the sustained current. The inorganic 
cation caesium is also known to be a useful blocker for potassium channels (Hille, 1992). 
All of the depolarisation-activated outward currents could be reduced and eventually 
blocked when potassium in the recording pipettes was replaced with equimolar caesium. 
Thus, it is probable that the conductance responsible for this outward current was 
predominantly selective for potassium ions. 
The form of the outward current was strongly dependent on the pre-pulse holding 
potential. Voltage steps from a holding potential of -40 m V inactivated practically all of the 
transient outward current (Fig 3.5). On the basis of this voltage sensitivity, the outward 
current could be separated into two distinct currents: one with slow activation and a 
persistent time course (Fig 3.58) and a second with a rapid activation followed by strong 
inactivation (Fig 3.5C). The transient current was obtained by computer subtraction of the-
40 m V insensitive outward current from the total outward current. The sustained current is 
similar in form to the delayed rectifier found in many other cells (IK) (reviewed by Hille, 
1992), while. the transient resembles the A-current ~lA), first identified in molluscan 
neurones (Connor & Stevens, 1971 b), but since identified in other cell types (reviewed by 
Narahashi & Herman, 1992). The I-V relationships for these outward currents, including 
the total outward current (1<..,1), are shown in Fig 3. SD, I 0 ms (peak current) after the start 
of the voltage steps. In neurones, the delayed rectifier begins to activate.at more depolarised 
potentials than the A-current (Connor & Stevens, 1971 b; Arm strong, 1975; Thompson, 
1977; Latorre et al., 1984). In mussel heart cells, however, both components begin to 
activate at -40 mY (Fig 3.5D). 
Separation of the components of the potassium current can also be done 
pharmacologically in some cells where lA is more sensitive to block by 4-arninopyridine (4• 
AP), and less sensitive to block by TEA, than IK (e.g. Thompson, 1977). When 3 mM 4-AP 
was added to the external ASW bathing the myocytes, a similar separation of the outward 
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Fig. 3.6 Effect of TEA on ventricular myocyte outward currents. Upper traces show the 
whole cell currents from a heart cell in response to a voltage step from a holding potential 
of -60 m V to +50 m V, where the external ASW contained 0 and 30 mM TEA. There is a 
reduction in both peak and sustained currents at 30 mM TEA. 
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current into two components could be seen (Fig 3. 7) as that found using the voltage 
protocol. The transient lA current was totally abolished 10 minutes after bath application of 
3 mM 4-AP. J:he I-V relationship for the 4-AP sensitive current (Fig 3.78) is reasonably 
similar to that obtained for the voltage sensitive transient in Fig 3.5D. There was no 
particular sensitivity of action of TEA on either IK or h (Fig 3. 6), and the overall sensitivity 
(27% block of Kwt at 30 mM TEA) is considerably lower than that found in many other 
cells, including vertebrate myocytes (e.g. Kenyon & Gibbons, 1979a; Apkon & Nerbonne, 
1991 ). 
A calcium-activated potassium current has been described in many other vertebrate 
cardiac cells (e.g. Siegelbaum & Tsien, 1980; Coraboeuf & Carmeliet, 1982; Kenyon & 
Sutko, 1987; Tseng et al., 1987; Giles & Imaizumi, 1988), and in branchial heart myocytes 
of squid (Odblom & Williamson, 1995). However, excluding calcium in the ASW in these 
experiments and further reducing free calcium by adding 10 mM EGT A failed to alter the 
overall outward current in mussel ventricular myocytes. This method should certainly 
reduce the overall outward current if this type of conductance is present (Pallotta et ar, 
1992). Additionally, none of the outward currents showed the characteristic dip, or N-shape 
usually indicative of a calcium-activated potassium current (see, for example, Odblom & 
Williamson, 1995). 
Some vertebrate ventricular cells have been reported to show an inwardly rectifying 
current, carried by potassium ions (Noma et al., 1984; Sakmann & Trube, 1984; Hume & 
Uehara, 1985; Mitra et al., 1985). In such cells, the inwardly rectifying current is turned on 
at membrane potentials more negative than -80 m V. If this current were present in mussel 
ventricular myocytes then, intuitively, non-linearity would be expected in the 
hyperpolarising test pulses used for leak subtraction. As this was not the case, it seems 
unlikely that mussel ventricular myocytes have an inwardly rectifying current. 
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Fig. 3.7A, B Effect of 4-AP on the whole cell current in a ventricular myocyte. A The 
two upper traces show the responses to a voltage step from -60m V to +50 m V when the 
heart cell was bathed, first in ASW and then in ASW with 3 mM 4-AP. B /-V plot for the 
4-AP sensitive part of the current; obtained by subtracting the current remaining after 4-
AP blockage from the original currents in ASW. 
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3.3.3. Inward sodium, current 
In_ward currents were studied using caesium aspartate internal solution within the 
patch pipette to block the outward potassium currents described above. Depolarising 
voltage steps from a holding potential of -60 m V produced in some ventricular myocytes a 
rapidly activating and inactivating inward current as shown in Fig 3.8A. This current was 
not seen in all of the myocytes, only about 6% (2 out of 31 ), and its occurrence could not 
be correlated with any morphological differences between the cells. At a test potential of-
20 mV, this fast transient inward current reached its peak within 6 ms of the start of the 
depolarisation and was completely inactivated after 20 ms. Time to peak became shorter 
with increasing depolarisation, although this may be partially due to inadequate voltage 
control during these rapid current changes (Williamson, 1995). An I-V plot of this inward 
current (Fig 3.8C) showed that it appeared at potentials more positive than -40 mV, peaked 
around -20 m V, and then decreased. 
Three lines of evidence suggest that this fast transient inward current is carried by 
sodium ions (IN.). First, this inward current could be reduced and eventually blocked by 
including 11J,M tetrodotoxin (TTX) in the external bath solution (Fig 3.8B). TTX is an 
established blocker of sodium currents in many different types of cells (Hille, 1992). 
Secondly, as with other examples of sodium currents, it was inactivated when the 
ventricular myocytes were held at a potential of -40 m V (e.g. Connor & Stevens, 1971a). 
Finally, according to the Nernst equation it is possible to theoretically predict the reversal 
potential for current in sodium channels. This can then be compared with values obtained 
experimentally. The reversal potential is the potential around which the current reverses 
sign. The Nernst equation for sodium ions is: 
RT (Na]o 
EN,= --In---
F [Na]; 
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Fig. 3.8A-C An inward sodium current and the effect of TIX, A The whole cell currents 
from a heart cell in response to a series of voltage steps, as shown in the bottom trace, 
from a holding potential of -60 m V. B Blockage of whole cell currents from the same cell 
when 1 )lM TIX was included in the external bathing solution. C I-V plots of the sodium 
current before and after application ofTTX. 
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where EN. is the equilibrium potential for sodium ions; R is the universal gas constant; T, 
the absolute temperature; F, the Faraday constant (electrical charge per gram-equivalent of 
ion); [Na]o is the concentration of sodium ions outside and [Na]; is the concentration of 
sodium ions inside. 
[Na]; in M.edu/is ventricle has been calculated to be 98.1 mM I I (Irisawa et al., 1967). 
Thus, the predicted reversal potential for current in sodium channels in these experiments, 
for M.edulis ventricle, is computed to be + 38,9 mV. By extrapolation from the 
experimental /-V plot (Fig 3. BC) the actual zero-current potential recorded was around + 70 
mV. Therefore, when compared with the expected reversal potential for sodium current in 
Medu/is ventricular cells, the measured reversal of IN• is within a good margin of error. 
This evidence provides further weight to the argument that the fast inward transient current 
is carried by sodium ions. 
TTX blockable calcium currents (lca(ITX)) have been reported in human atrial cells 
(Lemaire et al., 1995), guinea pig ventricular cells (Leblanc et .al., 1996) and rat ventricular 
myocytes (Aggarwal et al., 1997). However, it is unlikely that the fast transient inward 
current observed .in the present study was of this species because Ica(ITX) usually activates 
over a much more negative potential range (-60 to -30 m V). 
3.3.4. Inward calcium current 
An additional inward current was rapidly activated by voltage steps more positive 
than -SO mV and was then maintained throughout the voltage step with no apparent sign of 
inactivation (Fig 3. 9 A). The current was considerably larger than the sodium current. The 
current reached a maximum for test steps to around 0 mV and then decreased (Fig 3.9B). 
This sustained inward current is likely to be carried by calcium ions because it could be 
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Fig. 3.9A, B An inward calcium current. A The upper traces show the whole cell 
currents recorded from a heart cell in response to the voltage protocol shown in the lower 
traces. B /-V plot for the calcium current. 
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blocked when 2 mM cobalt ions were added to the·extemal solution (Hi lie, 1992; Fig 3.1 0). 
Calcium currents that peak at positive test potentials and show little ·sign of inactivation 
have been termed L-type calcium currents (le.) (Fox et al., 1987), also known as High-
Voltage Activated (HVA) channels. 
Some types of calcium channels, particularly L-type, are also permeable to other 
divalent cations such as barium (Is,) and strontium (15,) (Hagiwari & 8yerly, 1981 ). 
Hagiwara and eo-workers ( 1974) found that Is, was normally larger than le. in barnacle 
muscle. To test this on the mussel ventricular cells, the external calcium in the ASW was 
replaced with 3 mM barium. Under these conditions lBa was greater in amplitude than le, 
(Fig 3. 11 A) In many other cells the 1-V relation shifts when external calcium is replaced by 
barium (Hagiwara & 8yerly, 1981 ). In mussel heart cells, however, the activation kinetics 
remained similar, although the reversal potential shifted 30 mY in a depolarising direction 
(Fig 3.118). 
L-type calcium channels are also known to be sensitive to block by 
dihydropyridines, such as nifedipine (Triggle & Janis, 1987). The sustained inward current 
could be reduced and eventually blocked I 0 minutes after bath application of 1 5 11M 
nifedipine (Fig 3. 11 ). These data, therefore, are consistent with the view that the ventricular 
myocytes show an L-type calcium conductance. 
In Medulis ventricular cells, the predicted reversal potential calculated for calcium 
ions, is likely to be similar to that of other cell types, > + 130 mY (Hi lie, 1992). Despite the 
theoretical predictions, the reversal potential for mussel heart cells is only +40 mY (Figs 
3. 9-11 ). Many other authors have reported reversal potentials as low as +40 to + 70 m V for 
calcium currents. In some cases outward currents in other channels contaminate the records, 
so that the reported reversal of the current in calcium channels is questionable. It was 
mentioned above that a positive shift in the reversal potential of the L-type calcium current 
was observed in ventricular myocytes when barium replaced calcium as the major charge 
carrier (Fig 3.118). This can now be easily understood since barium is also very effective at 
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Fig. 3.10A, B Effect of cobalt on the sustained calcium current. A The upper traces show 
the whole cell currents recorded from a heart cell in response to a voltage step from -60 
mV to 0 mV, first in nonnal ASW and then in ASW with 2 mM cobalt. B The I-V 
relationships of the calcium current before and after bath application of2 mM cobalt. 
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Fig 3.11A, B The effect of barium and nifedipine on the calcium current. The upper 
traces show the whole cell inward currents, recorded as in Figs 3.9-10 from a heart cell, 
in response to the voltage protocol shown in the bottom trace, first in normal ASW 
containing 10 mM calcium, second with 3 mM barium in the external solution and no 
calcium, and third with 3 mM barium and l5f.1M nifedipine in the external solution. 8 I-V 
plots for the above currents. 
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blocking the delayed rectifier potassium channel (Hille, 1992). Additionally, even if outward 
current is blocked in other channels, outward currents can be·carried by potassium ions and 
other monovalent ions moving outward through calcium channels (Reuter and Scholz, 
1977; Fenwick et al., 1982; Lee and Tsien, 1982). It is likely that these observations 
account for the discrepancy between the predicted and measured reversal potentials for 
current in calcium channels, in mussel heart cells. 
Low-voltage activated (LV A) T -type calcium currents have been described in the 
cardiac ·tissues of many vertebrates (reviewed by V assort & Alverez, 1994), and in cardiac 
myocytes of squid (Chrachri et al., 1997; Odblom et al., 1997). These channels are 
commonly opened at relatively large negative potentials (Narahashi & Herman, 1992). In 
M.edrtlis heart cells, the L-type calcium current activates at a more negative voltage than 
would normally be expected for this type of conductance. It is possible that this results from 
the activation of voltage-sensitive T-type calcium channels, over this more negative range. 
Nevertheless, T -type calcium channels are usually distinguishable as a prominent shoulder 
on the 1-V plot (see, for example, Odblom et al., 1997). This was not the case for the 
mussel heart cells (Figs 3. 9-11 ). 
3.3.5. Effects of copper on voltage-activated currents in M.edulis heart cells 
It has been shown that micromolar concentrations of copper ions can exert complex 
changes on voltage-activated ionic currents in identified snail neurones (Osipenko et al., 
1992). In the present study, the effects of six concentrations of copper ions, ranging 
between 0.8 11M to 1 mM, were examined on the ionic currents in mussel heart cells. Any 
changes in the peak amplitudes and 1-V characteristics of the currents were determined, 
Five myocytes expressing both IK and lA were exposed to copper. However, even at 
the highest concentration, copper failed to either suppress or augment the peak amplitude of 
K,., (Fig 3.12). Furthermore, the shape and kinetics of K,., remained similar after copper 
treatment. Other heavy metals, such as cadmium and lead, have,been shown to activate the 
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Fig. 3.12 The effect of copper on the peak amplitude of the total outward current (IK and 
lA) in mussel heart cells, where the relative size of the current is plotted against the 
external copper concentration (N = 5). 
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voltage-sensitive lA current in identified snail neurones previously displaying only IK (Sziics 
et al., 1994). In the present experiments, copper proved ineffective in-activating lA in mussel 
ventricular myocytes exhibiting only IK (n = 10). As expected from the earlier results on 
Kwt, copper did not alter the amplitude of IK and had no effect on the kinetics of the 
conductances in these cells. 
Having identified and characterised IN, in Medulis heart cells, only one subsequent 
myocyte was found to possess this current (n=2 in total). The effect of copper on this 
current is shown in Fig 3.13 where the size of the current is plotted against the external 
copper concentration. As with K1ot, copper did not significantly reduce or potentiate the 
peak amplitude of IN,, and once again, activation and inactivation kinetics were not 
changed. In other cell types, copper is an efficacious calcium channel blocker at levels as 
low as I ~LM (e.g. Sahinki et al., 1991). In mussel heart cells, lea was insensitive to copper 
concentrations between 0.8 - 12.5 ~M (Fig 3.14A). However, bath application of 1 mM 
copper resulted in an instantaneous reduction of lea that persisted throughout the exposure 
period (Fig 3.14A} The average current reduction at this concentration was 54± 9.8% (n 
= 12). The reduction in current amplitude was voltage insensitive. That is, the percentage 
decrease in current was similar over the entire voltage range examined. Recovery of the 
current up to 90% was observed following washing with ASW, however it took 20-30 
mins. The peak of the 1-V relationship as usual was not shifted along the voltage axis. 
However copper ions influenced inactivation parameters of lea as presented in Fig 3.148, 
where I mM copper shifted the reversal potential by 5 m V in a depolarising direction 
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Fig. 3.13 The effect of copper on the peak inward sodium current in an individual heart 
muscle cell. 
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3.4 Discussion 
This study has demonstrated that the ventricle of the blue mussel can be dissociated 
into individual myocytes and that the ionic currents present in their cell membranes can be 
recorded. This chapter has focused on identifying the conductances present in these isolated 
cells and investigated the effects of copper ions on these currents. 
3.4.1. Potassium currents 
The experiments here have revealed the presence of two distinct potassium currents 
in isolated blue mussel ventricular myocytes. Both currents are activated over the same 
potential range. Differences in voltage-dependent and pharmacological sensitivities, 
however, have allowed these currents to be separated into (a) a slowly activating delayed 
rectifier, IK, and (b) a rapidly activating and inactivating, 4-AP sensitive A-current, lA. The 
transient A-current was not evident in all of the ventricular myocytes examined, and the 
relative amplitude of h to IK varied markedly among cells. This variability may reflect the 
properties of different cells isolated from different regions of the ventricles, which cannot be 
distinguished after dissociations, or could be due to partial damage caused by the 
dissociation protocol. Similar observations have been made in adult rat ventricular myocytes 
(Apkon & Nerbonne, 1991 ). Moreover, it has been shown that differences in potassium 
currents in canine ventricular muscle strips can be correlated with the endocardial or 
epicardial origin of the tissue (Litkovsky & Antzelevitch, 1988). 
The delayed rectifier has been described in a variety of cells (Hille, 1992), and has 
been identified in other molluscan cells e.g. neurones (Thompson, 1977; Adams et al., 1980; 
Johansen & Kleinhaus, 1986; Llano & Bookman, 1986), hair cells (Williamson, 1995) and 
myocytes (Odblom & Williamson, 1995) as well in vertebrate myocardial cells e.g. sheep 
(McAilister & Noble, 1966; Noble & Tsien, 1969), frog (Brown & Noble, 1969a, b; de 
Hemptinne, 1971; Ojeda & Rougier, 1974; Hume & Giles, 1983), cat (McDonald & 
Trautwein, 1978a, b), chick (Clapham & DeFelice, 1984), dog (Gintant et al., 1985), rabbit 
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(Shibasaki, 1987; Giles & Imaizumi, 1988; Denyer & Brown, 1990), rat (Apkon & 
Nerbonne, 1991) and human (reviewed by Veldkamp, 1995; Ravens eta/., 1996). 
The kinetics and voltage-dependence of the delayed rectifier current in mussel 
ventricle are similar to those found in other cardiac preparations (see, for example, Gintant 
eta/., 1985; Shibasaki, 1987; Tseng et al., 1987). Studies on isolated Purkinje cells, suggest 
that a single type of slowly activating potassium channel accounts for delayed rectification 
(Gintant et al., 1985; Shibasaki, 1987; Tseng et al., 1987), In other cardiac myocytes, 
subtypes of the delayed rectifier current have been recognised (e.g. Noble & Tsien, 1969; 
Ojeda & Rougier, 1974; McDonald & Trautwein, 1978a, b; Wettwer et al., 1992; 
Sanguinetti & Jurkiewicz, 1990). A pharmacological separation of the delayed rectifier in 
mussel ventricle is still required in order to demonstrate the existence of more than one 
sustained current in this tissue. 
Delayed rectifier potassium channels of different cell types vary in their 
pharmacology (Stanfield, 1983). For instance, cells in the frog node of Ranvier only require 
0.4 mM TEA to block half the channels (Hille, 1967), while in squid giant axon 250 mM 
TEA has little effect on the delayed rectifier (Tasaki & Hagiwara, 1957; Wong & Binstock, 
1980). 30 mM TEA only reduced the delayed current in M.edulis ventricular cells by 27% 
llhis level of sensitivity is considerably lower than that found in vertebrate myocytes e,g. 50 
mM TEA totally abolishes the delayed rectifier in rat ventricular myocytes (Apkon & 
Nerbonne, 1991).· [t is probable that the block by TEA of the delayed current in Medulis 
ventricle would have been substantially larger had it been applied for more than I 0 minutes, 
or had it been loaded inside the cardiac cells. The effect of TEA is known to have a slow 
onset, taking 2 hours to come to its maximum in ventricular fibres and Purkinje cells 
(Haldimann, 1963). Furthermore, Ochi and Nishiye (1974) found that external TEA (20 
mM) had little effect on papillary muscles from guinea pig heart. But when TEA was 
applied internally (2.4 mM) it produced a marked prolongation of the action potential. 
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Similar results have been observed in squid axon, but not myelinated nerve (Hille, 1970; 
Armstrong & Hille, 1972; Armstrong, 1975). 
In these experiments, TEA could not be used to separate the delayed rectifier from 
the A-current, because both components were suppressed equally. In rat ventricular 
myocytes, TEA predominantly suppresses the delayed rectifier, allowing the two currents to 
be distinguished and separated (Apkon & Nerbonne, 1991 ). Nevertheless, in other cardiac 
preparations it is not unusual for the A-current to be partially blocked by lEA. In sheep 
cardiac Purkinje fibres, TEA was found to reduce the early outward current by 35% at a 
concentration of 40 mM (Kenyon & Gibbons, 1979a). Additionally, Kass et al. (1982) 
discovered that very high concentrations of internally perfused ~EA ( 1. 5 M) blocked the 
transient outward current in calf ventricle by 63%. 
The features of the A-current described here, particularly the voltage and 
pharmacological sensitivity and long lasting inactivation, resemble those reported for A-type 
potassium currents in other cell types (Rudy, 1988). A 4-AP sensitive A-current has also 
been identified in many vertebrate cardiac tissues e.g. sheep (Kenyon & Gibbons, 1979a, b; 
Coraboeuf & Carmeliet, 1982), calf (Kass et al., 1982; Kenyon & Sutko, 1987), cat 
(McDonald et al., 1984), rat (Josephson et al., 1984; Apkon & Nerbonne, 1991; Wettwer 
et al., 1993), rabbit (Nakayama & Irisawa, 1985; Clark et al., 1988; Giles & Imaizumi, 
1988), dog (Tseng et al., 1987; Litkovsky & Antzelevitch, 1988) and human (Escande et 
al., 1987; Wettwer et al., 1993; Firek & Giles, 1994). 
Many vertebrate cardiac cells show a calcium activated outward potassium current 
e.g .. sheep Purkinje fibres (Boyett 1981; Coraboeuf & Carmeliet, 1982), calfFurkinje fibres 
(Kenyon & Sutko, 1987) and human atrial cells (Escande et al., 1987), but others do not 
e.g. rabbit ventricular cells (Hiraoka & Kawano, 1986; Giles & lmaizumi, 1988). This type 
of current was not seen in these experiments with mussel ventricular myocytes, but has been 
identified in other molluscan heart cells (e.g. Odblom & Williamson, 1995). 
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The voltage and time-dependent properties of the A-current and delayed rectifier in 
mussel ventricular myocytes suggest that these currents serve unique physiological 
functions. It is probable that the A-current underlies the rapid repolarisation phase of the 
action potential, whereas the delayed rectifier determines the subsequent, slower phase of 
action potential repolarisation back to the resting membrane potential. Additionally, A-
currents also serve to space successive action potentials much more widely than a 
combination of standard sodium, potassium and leak channels could alone (see Connor, 
1978). 
3.4.2. Sodium current 
The present experiments have identified a fast inward sodium conductance in some 
of the mussel ventricular ceUs. The current was reduced and eventually abolished by the 
known sodium channel blocker TTX. The current was activated by voltage steps more 
positive than -40 m V, producing a peak current around -20 m V. The shape of the I-V curve 
and sensitivity to TTX are similar to sodium conductances described in other moUuscan 
cells (e.g. Cole & Moore, 1960; Kostyuk & Krushtal, 1977; Williamson, 1995). Fast 
sodium currents have been reported in branchial h~ myocytes of squid (Odblom & 
Williamson, 1995) and in many vertebrate cardiac cells e.g. rabbit (Colatsky & Tsien, 1979; 
Lee et al., 1979; Denyer & Brown, 1990), rat (Brown et c./., 1981; Cachelin et al., 1983; 
KUIIZe et al., 1985), mouse (Benndorf et al., 1985), canine (Fozzard et al., 1987; Berman et 
al., 1989), frog(Seyama & Yamaoka, 1988) and human (Bustamante & McDonald, 1983) 
The maximum amplitude of the sodium conductance in mussel heart cells was found 
to be 0:4 nA at normal sodium concentrations. This corresponds to a sodium conductance 
of 0.52 nA at 25°C after correction of the temperature difference by using Q10 = 1.3 
(Seyama & Yamaoka, 1988). Seyama & Yamaoka (1988) have found a value for sodium 
conductance of similar magnitude (1.58 nA) in frog ventricular cells in normal medium. On 
the other hand, peak sodium current has been reported to be 3 5-70 nA in rat ventricular 
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cells in 50% sodium (Brown et al., 1981 ), 15 nA in human atrial cells in normal 
concentrations of sodium (Bustamante & McDonald, 1983) and 25-40 nA in mouse 
ventricular cells in 52 mM external sodium (Benndorf et al., 1985). All data referred to 
were obtained at room temperature of 20-25°C. 
The small size of the sodium conductance found in mussel heart cells is presumably 
due to the physiological role of this current in Medulis ventricle. Isolated hearts from 
M.edulis beat in sodium-free seawater for up to 3 hours, but in calcium-free seawater all 
electrical and mechanical activity ceases (Irisawa et al., 1967). Clearly, Medulis ventricle 
does not require sodium channels for its action potentials. Instead, the action potential 
appears to be based on the inflow of calcium ions, rather than sodium ions. Similar ionic 
requirements for the production of action potentials have also been observed in crustacean 
skeletal muscle (Fatt & Ginsborg, 1958; Hagiwara et al., 1964; Abbot & Pamas, 1965), 
snail neurones (Oomura et al., 1962; Gerasimov et al., 1964; Kerkut & Gardner, 1967), 
smooth muscle of guinea pig taenia coli (Bulbring & Kuriyama, 1963) and the ventricles of 
other marine bivalves from the subclass Pteriomorpha (Deaton & Greenberg, 1980). In 
some instances, however, action potentials occurring for several hours in sodium-free 
solutions appear to depend on stores of sodium ions trapped at the surface of the membrane 
(in the folds of the membrane, or even actually in the membrane structure) (Chamberlain & 
Kerkut, 1967). Thus, in M.edulis heart, sodium influxes may at least partially contribute 
towards depolarising the cell membrane in the generation of the action potential. It is also 
probable that the "calcium spikes" observed in M.edulis ventricle are under sodium control 
(Hill et al., 1992). 
3.4.3. Calcium current 
The mussel ventricular myocytes show a clear inward L-type calcium conductance, 
activated at relatively positive test potentials. A similar calcium current has been identified 
in other molluscan muscles such as the smooth muscles of the buccal mass of Aplysia (Ram 
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& Liu, 19911), heart cells of the freshwater snail Lymnaea stagna/is (Brezden & Gardner, 
1992) and cardiac myocytes of squid (Odblom & Williamson, 1995; Chrachri et al., 1997; 
Odblom et al., 1997). L-type calcium currents have also been observed in many vertebrate 
cardiac tissues e.g. rat (Colquhoun et al., 1981'), canine (Bean, 1985), gui!:ea pig (Mitra & 
Morad, 1986), frog (Bonvallet, 1987), rabbit (Hagiwara et al., 1988) and human (Ouadid 
et al., 1991). 
Since the cardiac activity of Medulis is calcium-dependent, it is clear that the 
inward L-type current must be largely responsible for the upstroke of the action potential. 
In mammalian cardiac cells, the upstroke of the action potential is produced by an increase 
in permeability to sodium ions. The surface depolarisation in mammalian heart cells spreads 
into the transverse tubular system and this results in-the release ofcalcium ions from the 
sarcoplasmic reticulum. These calcium ions then.diffuse to the adjacent myofilamimts where 
they make possible the biochemical reactions that lead to contraction. In mammalian cardiac 
tissue the inflow of calcium ions through L-type channels forms the characteristic plateau-
phase of the action potential (Tsien et al., 1987), which is not observed in Medulis heart 
muscle (Irisawa et al., 1967). In some tissues the calcium influx during the action potential 
may be directly sufficient for contraction e.g. Amphioxus muscle (Hagiwara et a/, 1971 ). In 
Medulis ventricle, the calcium ions entering through L-type channels during the action 
potential probably do contribute directly to the contraction. After-all, seawater provides a 
large external source of calcium ions for Medulis. Nevertheless, it is known that bivalve 
cardiac cells possess an elaborate system of sarcoplasmic reticulum (Sanger, 1979), such 
that release of calcium.ions from this structure may still be important. 
In all cardiac cell types examined so far, L-type channels carry most o~' the 
macroscopic calcium current. In common with mussel ventricular myocytes, some cell types 
( e,g. bullfrog ventricular cells, calf atrial and ventricular cells, rabbit atrial cells) appear to 
have no T -type current at all (Bean, 1989). In guinea pig ventricular cells (Nilius et al., 
1985; Mitra & Morad, 1986), frog atrial cells (Bonvallet, 1987), canine atrial cells (Bean, 
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1985) and rabbit sinoatrial cells (Hagiwara et al., 1988), peak T -type current is only 5-20% 
of the peak L-type current. In these cells, the T -type calcium channel appears to play an 
important role in eliciting pacemaker activity (Narahashi & Herman, 1992). The complete 
absence ofT ~type channels in mussel ventricular cells suggests that T -type channels do not 
play an important role in the normal working myocardium. 
3.4.4 Effect of copper on membrane excitability of mussel heart cells 
'{:he basic membrane processes (see below) of excitable cells are the target of heavy 
metals, resulting in alterations of the membrane currents (Audesirk, 1987; Biisselberg et al., 
1990a, b; S.-R6zsa, 1991; Sahinki et al., 1991 ), chemical sensitivity (S.-R6zsa and Salimki, 
1985; Westbrook & Mayer, 19~7)~ neurotransmission (Cooper & Manalis, 1983; Atchinson 
& Narahashi, 1984), transmitter metabolism, and transmitter release (Biondi et al., 1989; 
Salank.i & Hiripi, 1990; Salimki et al., 1993), Different metal ions may have different 
targets, and their action may also depend on the type and specificity of the cells (S.-R6zsa 
and Salanki, 1990). In the present experiments, the effect of copper ions were studied on 
the voltage-activated currents in mussel heart cells. 
Copper is known to block calcium channels at concentrations as low as 1 t.tM in 
some neurones of the land snail Helix pomatia (S.-R6zsa & Salanki, 1990; Salimki et ar, 
1991) and 10 ~ in chick dorsal root ganglion neurones and rat cerebellar Purkinje cells 
(Nam & Hockberger, 1992). In M.edulis ventricular cells, even at a copper concentration of 
1 mM only a 54% block was observed. Similar results have been found in identified LPa2 
neurones of H.pomatia (45% block at 1 mM) (Salanki et al., 1991). The observation that 
calcium channels in different cell types may have different sensitivities to copper may be 
linked to the fact that excitable membranes are not homogeneous in their channel structure 
and properties (Osipenko et al., 1992). These differences are similar to the well-known 
differences that exist in cellular sensitivity to classical transmitters e.g. acetylcholine (Kehoe, 
1972; Gershenfeld, 1973) peptides e.g. molluscan cardioexcitatory peptide (Cottrell et al., 
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1984) and secondary messengers e.g. cAMP (Kononenko el al., 1983; Belan el al., 1990). 
Other metal ions have also shown different effectiveness in blocking calcium channels in 
cells of various animals. For example, lead blocks calcium channels of human 
neuroblastoma cells with Ko = 1 !!M (Oortgiesen et al., 1990), but in Aplysia neurones lead 
blocks the calcium current with K0 = 90 J.LM (Biisselberg el al., 1990a), 
It is unlikely that calcium channels of animals have different sensitivities to heavy 
metals because of differences in metal concentrations at collection sites (see below). Sztics 
et al. (1994) compared voltage-activated calcium channels of identified neurons of 
L.stagna/is in control snails and in animals having been chronically exposed to a metal-
enriched environment. They then compared the effects of acute administration of metals on 
these neurons. Chronic exposure to metals resulted in a near doubling of the L-type calcium 
channel (see also, Audesirk, 1987). Nevertheless, no.differences were found in the effects of 
acute application of metals on neurons of pre-treated and control animals. 'fhey suggest that 
a reasonable explanation of these results is that under the effect of chronic heavy metal 
exposure, the density of calcium channels is increased. There were no specific differences in 
the properties of the neuronal membranes with lower or higher calcium channel densities. 
When chronically exposed to low concentrations of heavy metals, the neurons synthesise 
more calcium channels and, thus, are able to function relatively normally even if some of the 
calcium channels are blocked. In this way, the changes occurring with chronic metal 
exposure in channel density can be interpreted as adaptation to a polluted environment. 
Clearly, tolerance to a metal-enriched environment does not require the desensitisation of 
channel proteins. 
Copper ions influenced inactivation parameters of the calcium current in mussel 
heart cells, where 1 mM copper shifted the inactivation curve by 5 mV in a depolarising 
direction. Identical shifts in calcium reversal potentials have been documented in H.pomatia 
neurons (Osipenko et al., 1992), chick DRG neurons and rat Purkinje cells (Nam & 
Hockberger, 1992) exposed to copper, but at much lower concentrations. 
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The inward sodium and outward potassium currents in mussel heart cells were 
not modified by copper exposure. In other cell types, however, copper substantially 
decreases these currents. Copper led to a concentration-dependent depression of sodium 
current in identified LPa3 neurons of H.pomatia (50% block at 1 mM) (Osipenko et al.; 
1992). Copper blocks sodium channels at concentrations as low as 0.1 mM in axons of the 
clawed toad, Xenopus laevis (Arhem, 1980) and 0.5 mM in the apical membrane of frog 
skin (Skulskii & Lapin, 1992). Copper ions have also been found to have a depressing effect 
on both the delayed rectifier and potassium A-current in non-identified neurons of 
H.pomatia at 0.1 mM (Sallinki et al., 1991). Other heavy metals (e.g. mercury, cadmium, 
lead and zinc) are also capable of modifying voltage-induced inward sodium and outward 
potassium currents. Either an increase or decrease of the membrane permeability occur in 
different cells in response to the same or different heavy metals (see, for example, S.-R6zsa 
& Salank.i, 1990; Sahinki et al., 1991; Osipenko et al., 1992; Sztics et al., 1994). 
A number of di- or tri-valent cations are widely used as specific blockers of calcium 
channels both in vertebrates and invertebrates (Tsien et al., 1988; Kostyuk et at, 1989). 
The effects of copper on mussel ventricular cells would appear to be specific for calcium 
channels, but this is not the case for all cell types. Consequently, the use of this metal as a 
blocker to isolate calcium current should be done cautiously. Furthermore, it has been found 
that copper ions are capable of activating steady-state currents both in Aplysia and Helix 
neurons (Weinreich & Wonderlin, 1987; Sahinki et al., 1991) by opening or closing 
different ionic channels. 
In acute heavy metal treatments both extracellular and intracellular sites of action 
are involved in their toxic effects. These may explain the copper induced depression of the 
calcium current observed in mussel heart cells. In the extracellular space heavy metals can 
modifY the ion channel function as a result of interaction with surface charge groups or by 
direct channel blockade (S.-R6zsa & Sahinki, 1994). Upon penetrating the cells heavy 
metals produce widespread alterations in protein structure and function, leading to 
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modulation ofion"channel permeability of the membrane (Biondi et at, 1989; Donaldson & 
Knowles, 1993). 
The aim of these experiments was to investigate the effects of copper on voltage-
activated inward and outward currents in, mussel heart cells. Further research could include 
the effects of copper on ligand-gated ion channels in the heart. The principal 
cardioexcitatory and cardioinhibitory transmitters in M.edulis are thought to be serotonin 
(5-HT) and acetylcholine (ACh), respectively (Muneoka et al., 1990). Earlier studies have 
revealed that copper inhibits 5-HT-activated current in mouse neuroblastoma cells at 
micromolar concentrations (Lovinger, 1991), and that other heavy metals (e.g. mercury, 
cadmium, lead and zinc; copper treatments have not been conducted) can modify ACh-
evoked currents in snail neurons (S.-R6zsa & Salimki, 1990) and rat parasympathetic 
neurons (Nutter & Adams, 1995} Furthermore, copper can modulate dopamine-induced 
currents in snail neurons (S.-R6zsa & Salimki, 1990), GABA current in rat septal and DRG 
neurons (Kumamoto & Murata, 1995; Narahashi et al., 1994) and NMDA receptors in 
mouse and rat hippocampal neurons (Vlachova et al., 1996), although these transmitters are 
probably not directly relevant to Medulis heart. 
3.4.5. Concluding remarks 
These experiments have shown that the membranes of heart cells from the blue 
mussel ventricle can display four voltage activated ionic currents, two potassium 
conductances IK and lA. a TTX sensitive sodium conductance and an L-type calcium 
conductance. Each of these conductances is activated close to the normal resting potential 
of the heart cell (-43.5 mV) (Irisawa et al., 1967), and certainly over the normal operating 
range of the cell. The mussel ventricular myocytes show strong similarities with vertebrate 
heart cells, as described above, both showing a similar range of voltage sensitive 
conductances and differing mainly in that the mussel cells show no calcium activated 
potassium current or T -type calcium current. 
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The effects of copper on the voltage-activated currents were studied under whole-
cell voltage clamp in M,edulis heart cells. Copper ions have no effect on the ionic currents 
of heart cells at concentrations shown to inhibit the cardiac activity of whole animals (see 
Chapter 2). Clearly, the fall in heart rate measured in whole animals was not due to a direct 
effect of copper on ion channel function. Nevertheless, copper may still directly affect 
cardiac physiology in mussels by disrupting other important cellular functions of the heart. 
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Chapter 4 
The action of heavy metals on the isoDated 
ventricle of Mytilus edulis 
4.1. Introduction 
Copper disrupts the cardiac activity of Medulis via.a direct mechanism (see Chapter 
2). However, it is unlikely that this mechanism results from a change in the configuration of 
the ventricular action potential (see Chapter 3). Nevertheless, copper may still directly 
affect cardiac physiology in mussels by altering excitation-contraction coupling, contractile 
protein function or myocardial energy production. Furthermore, there is strong evidence 
from the literature to suggest that heavy metals (including copper) could induce functional 
abnormalities in these processes by at least two different mechanisms: (a) by direct 
interaction with sulphydrylic groups of enzymes and other proteins and (b) by stimulating 
the peroxidation of membrane lipids (Viarengo, 1989). The latter process involves a 
complex sequence of free-radical mediated reactions, leading to the formation of lipid 
radicals, hydroperoxides and a mixture of carbonyl compounds (Dianzani & Ugazio, 1978; 
Slater, 1984). These compounds are extremely toxic to cells due to their high affinity for 
thiol and amino groups of peptides and enzymes (Esterbauer et al., 1982; Esterbauer, 
1985). 
The purpose of the present study was to examine the effects of copper on the 
mechanical activity of M.edulis isolated ventricle in order to establish whether the copper 
induced cardiac inhibition observed in whole animals can be attributed to a direct effect of 
the metal on heart cell physiology. Responses of the isolated hearts to copper were also 
compared with the responses to other heavy metal cations, namely cadmium and cobalt, in 
order .to ascertain whether different heavy metals induce myocardial dysfunction via similar 
cellular and molecular mechanisms. 
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4.2. Materials and Methods 
Medulis(shell 'length 4.5-5.5 cm) were collected from the estuary of the River Exe, 
Devon and transported to the Marine Biological Association, Plymouth. The animals were 
maintained in aerated, filtered seawater at 15-16 oc and 3 3 %o S, for at least two days 
before use. After a four to six week holding period isolated hearts ofMedulis tend to beat 
with an irregular rhythm; therefore mussels were used within four to six weeks after 
removal from the sea. 
The hearts of most bivalves, including Medulis, can be isolated by the method of 
Welsh & Taub (1948). This standard method involves suspending the whole heart between 
the two auricular-ventricular regions of the ventricle. Tension is thus applied in a line from 
auricle to auricle which is the usual direction of beat. However, there are difficulties with 
this classical preparation, Firstly, Florey & Merwin (1961) and Pesci ( 1965) reported that 
sensitivity to drugs is augmented if the solution is applied to the inside of the heart. 
Secondly, the length/width ratio of the Mytilus heart is greater than that of many other 
bivalve hearts. Thus, the possibility exists that contractions of longitudinal muscle 
trabeculae might interfere with the recording of the transverse musculature; it is the 
movements of the latter which are directly measured in the standard method (Greenberg, 
1970). Finally, the shape and fragility of mussel auricles make this preparation inconvenient. 
Therefore, another preparation, which takes advantage of the relatively large size of 
M edulis hearts, was adopted (Fig 4 .I). Greenberg ( 1970) originally developed this method 
for Mytilus planulatus hearts. 
Opening the mussel ventrally and cutting the posterior adductor muscle exposed the 
heart. The mantle was cut away on one side and the empty valve removed. With the animal 
viewed laterally, an incision was made in the pericardium to expose the heart, which was 
removed intact and placed in artificial seawater (ASW; in mM: 470 NaCI, 10 KCI, 50 
MgCb, 10 CaCb, 10 Hepes adjusted to pH= 7.8 with NaOH, osmolarity= 1000 mmolfkg). 
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Fig 4.1. Preparation of a ventricular strip from the heart of Medulis. a. Drawing of 
ventricle (V), in situ, flanked by the darkly pigmented auricles (A); posterior is to the left. 
Dotted lines indicate the location of two transverse cuts to be made through the ventricle 
and concentric rectum (R) just anterior and posterior to the auricular-ventricular 
openings. b. After sectioning, the anterior and posterior portions of both the ventricle and 
rectum are removed. The heavy dotted line locates the next, mid-dorsal, section of the 
ventricle. c. After this cut, the central rectal segment is removed. The free ends of the 
resulting ventricular strip are tied for attachment to the force transducer. Size calibration: 
lmm (from Greenberg, 1970). 
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Two parallel, transverse cuts were made through the ventricle, one on each side of the 
auricular-ventricular opening, about 1.5mm apart (Fig 4.la). The middle segment of rectum 
thus produced was then removed from the resulting ring of ventricle (Fig 4.1 b). A mid-
dorsal longitudinal cut was then made, producing a strip of ventricular wall still attached to 
the auricles. Finally, surgical threads (0.2-0:249mm thickness; Medicon, Germany) were 
tied around the ends of the strip (Fig 4.lc), and the auricles were cut back. 
Each ventricular strip was suspended in a 6 ml organ bath, stretched between a 
stainless steel hook and an isometric force transducer (Lectromed, UK, Type 4155). A light 
spring (K = 300 mg) attached to the transducer applied tension to the isolated strip (Fig 
4.2). The isometric force transducer was connected to the Neurolog System, NL 107 
transducer amplifier coupled to the NL I 06 AC"DC amplifier (Digitimer, UK). The AC-DC 
amplifier was linked to a CED f..1l40 1 laboratory interface (Cambridge Electronic Design, 
UK). The CED f..ll401 interface was attached to an mM compatible PC running Spike2 for 
Windows V2.0 (Cambridge Electronic Design, UK). Using this software, muscle 
contractions were recorded continuously and saved on optical disk. The heart beat traces 
were sampled at a frequency of 50 Hz. 
Experiments were conducted at room temperature (18-20°C). The strips were 
constantly perfused with ASW at a rate of 4mVmin. Metals were applied by transferring a 
circulation tube from the normal ASW to the metal-containing ASW, and back. By using 
this simple method, no change in perfusion rate occurred when solutions were changed~ and 
a small bubble inserted in between two different solutions in the tube easily showed the 
starting time of metal application or washing. For test solutions, CuCh, CdCb or CoCh 
(Sigma) were perfused at the desired concentration of the metal ion. 
Dose-response curves for the test solutions were obtained by perfusing successive 
doses of the metal, from lower to higher concentrations for 10 minutes each. To check 
against the deterioration of the preparation during a concentration series, the strips were 
perfused with ASW for about 10 minutes between tests, and the performance was 
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Fig 4.2. Experimental apparatus. (a) isometric force transducer; (b) Light spring; (c) 
Nylon monofilament suture; (d) perfusion bath; (e) ventricular strip; (t) stainless steel 
hook. 
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compared to an initial, control, run. No obvious deterioration was observed. A fresh 
preparation was used for every experiment; different metals were never tested on the same 
heart. Changes in the amplitude, frequency and variability (measured as the coefficient of 
variation; CV) of the heart beat were· expressed as a percentage change. All percentage data 
were transformed using the angular transformation to normalise the distribution (Sokal and 
Rohlf, 1995). Differences among means were assessed by one-way analysis of variance 
(ANOVA), using Statgraphics V5.0. Normality and homogeneity of group variances were 
checked using Bartlett's test. Multiple range tests were performed when the results of 
ANOVA indicated a significant effect (p<0.05). Variability data did not meet the 
assumptions of ANOV A. Thus, the Kruskai-Wallis test was employed (Statgraphics V5.0), 
and multiple comparisons between pairs of treatments were performed using the Mann-
Whitney-Wilcoxon V-statistic (Sokal & Rohlf, 1995), 
104 
4.3. Results 
4.3.1. The effects of copper on ,mechanical activity 
The response of the heart to coppef was tested over a concentration range of 10-6 to 
I 0"3 M. Bath concentrations below I o·3 M did not significantly affect the mechanical activity 
ofMedulis ventricle (p>0:05; Fig 4.3). In fact, at these low copper concentrations a regular 
I 
beat could be maintained for up to I2 hours (end of experiment; n=2). At 10"3 M copper, a 
significant decrease in beat frequency, and increase in amplitude and variability was 
observed (p<0.05; Fig 4.3). A typical response of Medulis ventricle to 10"3 M copper is 
shown in Fig 4.4. The onset ofthe effects ofcopper usually occurred within 5-12 minutes of 
its application. The initial reaction to 1 0"3 M copper was diastolic arrest (lasting between 15 
secs - 2 min}, succeeded by a drop in tone (see Fig 4.4 - first lOO secs from marker b). 
Bursting activity, with diastolic arrest, superseded by a gradual, but slight, increase in 
systolic tone between bursts followed this (Fig 4.4). The average burst lasted 31 ± 22 secs, 
and the mean arrest period between bursts was 26 ± 26 secs, Times within- and between-
bursts were inversely proportional to the duration of copper exposure (data not shown). 
Clearly, the overall fall in beat frequency and increase in variability induced by 10"3 M 
copper (Fig 4.3.} was a consequence of bursting activity. Furthermore, heart rates within a 
burst period were significantly reduced (10.4 ± 5 %) when compared to control values 
(p<0.05; Student's /-test} However, heart beat regularity within a burst period was not 
significantly different from controls (p>0.05; Student's /-test). The effects of 10"3 M copper 
were reversible provided that the heart hadn't completely arrested; washing of the 
preparations resulted in a return to control levels of activity within 10-15 minutes (Fig 4.3). 
Clearly, burst activity during copper exposure is not indicat:ve of permanent damage to the 
hea;t; a finding previously observed in vivo (see chapter 2). 40% of the ventricular strips (4 
out of 1 0) dosed with I o·3 M copper exhibited no mechanical activity after 1 0 minutes 
exposure. In this case, spontaneous activity could only be partially restored by washing 
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Fig. 4.3. The effects of copper on frequency (solid line), amplitude (dashed line) and 
variability (dotted line) of isolated ventricles from the mussel Medulis. Each point is the mean 
± 95% confidence intervals; n= 10 except for recovery where n=6 (preparations that did not 
exhibit complete cardiac arrest during copper exposure). 
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(only amplitudes returned to control levels). Obviously, complete cardiac arrest in response 
to copper exposure is characteristic of irreversible cytotoxicity. 
4.3.2. The effects of cadmium on mechanical activity 
The response of the isolated strips to cadmium were tested over a concentration 
range of 5 *I 0-6 to 5 *I 04 M. The reaction of the hearts to cadmium did not resemble that of 
copper. Cadmium resulted in negative chronotrophy and inotrophy (Fig. 4.5). The threshold 
for this inhibition was 5*104 M (p<O:OS), with effects usually appearing within 1-4 minutes 
of application. In contrast to copper, the decrease in heart rate was the result of a 
protraction of the heart beats, rather than a consequence of bursting activity (Fig. 4.6). The 
decrease in the height of the systolic contraction was accompanied by a reduction in tone 
(Fig 4.6). Cadmium did not significantly affect interpulse variability (p>O.OS). Cadmium was 
more toxic than copper; all of the strips dosed with 5* 104 M cadmium (n=S) displayed no 
mechanical activity after 10 minutes exposure (see Fig 4.6). Moreover, only one preparation 
recovered spontaneous activity after washing. This ventricular strip also exhibited signs of 
lasting damage because beat frequency and amplitudes did not return to control levels of 
activity. In fact, even after 1 hour of washing, the mean- heart rate and amplitude was 
significantly lower (56% and 38%, respectively) than values obtained for the same 
preparation during exposure to 5"'104 M cadmium, prior to cardiac arrest (p<O.OS; Fig 4.5). 
4.3.3 The effects of cobalt on mechanical activity 
The reaction of the heart to cobalt was tested over a concentration range of S"'l 0-6 
to 5"'10-3 M. Bath concentrations of cobalt between S*I0-6and 5*10-5 M had no significant 
effect on the isolated ventricles (p>O:OS; Fig 4.7). Nevertheless, concentrations above 5"'10-
5 M caused a significant increase in the amplitude ofthe heart beats (p<0.05; Fig 4.7), and 
at 5 *I o-3 M a significant decrease in beat frequency and increase in interpulse variability was 
observed (p<O. OS). A representative response of M. edu/is ventricle to 5 * 10-3 M cobalt is 
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shown in Fig 4.8. Reactions to cobalt normally occurred within 4-7 minutes of its 
application. Cobalt, like copper, induced burst activity; moreover, the initial reaction to 
cobalt was diastolic arrest (lasting between 10 secs - 3 min), and a slow increase in systolic 
tone was often observed between bursts (Fig 4.8). Excluding these similarities, the actions 
of cobalt on the isolated strips were reasonably specific. The first beat within any burst 
sequence was always of increased amplitude and duration (Fig 4.8). The height of the 
systolic contraction being increased above control levels and the diastolic phase being 
considerably delayed, In many cases, pauses between periods of burst activity were 
characterised by a small number of these beats (Fig 4.8). The average burst was sustained 
for I 04 ± 50 secs and the mean arrest period between bursts was 27 ± 16 secs. Evidently, 
the overall fall in heart rate and rise in variability brought about by 5*10"3 M cobalt (Fig 4.7) 
was a consequence of bursting activity. Nevertheless, as previously noted for copper, beat 
frequencies within a burst period were significantly reduced (3 I ± 19 %) when compared to 
control values (p<O.OS; Student's /-test); furthermore, in this instance, CVs within a burst 
period were also significantly different (elevated by 66 ± 39 % compared to controls; 
p<O.OS; Student's t-test). The endpoint ofthe response to 5*10-3 M cobalt was a complete 
cessation of the heart beat (n=S). However, even then, the effects of cobalt were reversible; 
washing of the strips with ASW resulted in a return to control levels of activity (Fig 4. 7). 
From these data, it is apparent that cobalt was less toxic than copper or cadmium to 
M.edulis. ventricle. After-all, a far greater concentration of cobalt was required to induce an 
inhibitory response, and, unlike these other metals, cardiac arrest during cobalt exposure 
was not indicative of permanent injury to the heart. 
4.3.4. Summary 
Table 4.1. below summarises the principal effects ofcopper, cadmium and cobalt on 
the mechanical activity of isolated Medu/is. ventricle. 
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Fig 4.8. Representative response of M.edulis ventricle to 5*10-3 M cobalt. (a) start of metal application (b) start of effect. 
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Table 4.1. 
Cadmium 
Cobalt 
-= decrease 
+= increase 
Effective 
Concentrations 
Chronotropism 
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Inotropism Variability 
no effect 
+ + 
4.4. Discussion 
4.4.1. The effects of copper, cadmium and cobalt on the isolated heart 
Relatively few studies have examined the effects of different heavy metals (HMs) on 
the mechanical activity of the isolated heart. Kleinfeld et al. (1955) observed that cadmium 
(10-2 M) administered as a constant perfusion to the isolated frog's (Rana pipiens) heart 
reduced cardiac output (stroke volume • heart rate) by decreasing contractile force and 
extending P-R, QRS and QcT intervals. Later, Kleinfeld & Stein (1968) examined changes 
produced by a variety of HM on the contractile tension in rat atrium. Threshold 
concentrations of copper (10-4 M; 5-60 min), cadmium (4.5*10-s M; 6-30 min) and cobalt 
(0. 7•1 o-<~ M; 10-20 min) produced a 50-80% decrease in contractile tension. More recently, 
Tort & Madsen (1991) demonstrated that cadmium (10-4 M) reduces twitch force in the 
ventricular fibres of sea bass (Dicentrarchus labntx) and dogfish (Scyliorhinus canicula). 
Results from the present experiments have shown that the mechanical effects of cadmium 
on isolated M.edulis ventricle are the same as those described for the vertebrate hearts 
above (i.e. negative inotrophy and chronotrophy). Nevertheless, the positive inotrophic 
effects of copper and cobalt on Medulis ventricle are at variance with Kleinfeld & Stein's 
( 1968) earlier observations on the rat atrium. This contradiction in results may be attributed 
to the differences in species and/or the origin of the cardiac tissue (i.e. atrial versus 
ventricular). 
4.4.2. Modes of action of copper, cadmium and cobalt on the isolated heart 
The responses of M.edulis ventricles to copper, cadmium and cobalt were metal-
specific. This suggests that different HMs may affect muscle activity via different 
mechanisms. It is difficult to translate the observed changes due to these HMs into specific 
known biochemical and biophysical events. One can merely postulate certain mechanisms to 
help explain some of these modifications. 
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4.4.2.1. Blocking of ion channels 
Calcium plays a central role m the regulation of myocardial contraction and 
relaxation (Ruegg, 1992). The heart muscle-of Medulis has a calcium based action potential 
(Irisawa et al., 1967); moreover, calcium ions flowing into the cell during the action 
potential may directly trigger contraction (although calcium-induced calcium-release cannot 
be ruled out - see section 3.4.3). Calcium uptake into the cell is primarily dependent on a 
passive process of ion flux through transmembrane channels (Hille, 1992). As described 
before (see section 3.4.4), voltage-activated calcium channels can be blocked by a number 
of different HMs. In M. edulis ventricle the blocking of voltage-dependent calcium channels 
would act to inhibit the calcium spike, thereby restricting the availability of intracellular 
calcium, and in doing so prevent the activation of the contractile machinery. Hence, the 
HMs used in the present study may have altered the mechanical activity of the M.edulis 
heart muscle by blocking calcium channels in the cell membranes of the cardiac myocytes. 
This mechanism is credible, after-all, copper and cobalt inhibit the L-type calcium channel in 
M.edulis ventricular myocytes at similar concentrations to those inducing changes in the 
spontaneous activity of the isolated heart (sections 3.3.4. and 3.3.5.). Although the effect of 
cadmium on the L-type channel of M. edulis heart cells has yet· to be assessed, cadmium is a 
well-known and potent blocker of calcium channels (Narahashi, 1996). 
Individual HMs may have a differential blocking action on different types of calcium 
channels of the same tissue. For instance, in mouse neuroblastoma NI E-llS line cells, 
cadmium is 20 times more potent at blocking the L-type compared with the T -type calcium 
channel. In contrast, cobalt is 4 times more effective at blocking the T -type channel in this 
same cell line (Narahashi et al., 1987). Thus, the different responses of Medu/is ventricle to 
copper, cadmium and cobalt could be attributed to the type of calcium channel 
predominantly blocked by each HM (although at present only an L-type calcium 
conductance has been identified in M.edu/is ventricle- see Chapter 3). 
)1)6 
The.inward sodium current and outward potassium currents in mussel heart cells are 
not modified by the copper concentrations found to elicit changes in the mechanical activity 
of the isolated ventricle (see section 3.3.5). Furthermore, cadmium and cobalt do not have 
potent effects on voltage-activated sodium or potassium currents in the majority of tissues 
(Narahashi, 1996). Thus, it is unlikely that the responses of M eduJis ventricles to copper, 
cadmium and cobalt reported in the present study resulted from the blocking of sodium or 
potassium channels. 
4.4.2.2. Myocardial energy production 
It is well known that HMs may alter respiration in metal-exposed tissues. Kerkut & 
Munday (1962) reported that copper, when present in seawater at concentrations of 4*104 
M inhibited contraction of excised crab (Carcinus maenas) hearts and the respiratory rate 
of heart muscle fell by 34%. Similarly, copper ions reduce the oxygen consumption (M02) 
of isolated gill tissues from C.maenas and Medu/is at high concentrations (> 2 * 10"3 M) 
very quickly (Kerkut & Munday, 1962; Brown & Newell, 1972). It is also interesting to 
note that the data concerning the subcellular distribution of heavy metals indicate that 
mitochondria, the cellular organelles involved in aerobic ATP synthesis, may accumulate 
high metal levels (George, 1972; Zaba & Harris, 1978). These studies clearly indicate that 
mitochondria are a possible target of heavy metals. 
The energy for muscle contraction comes from the hydrolysis of ATP. Obviously, in 
muscle cells, a disruption of mitochondrial function by HMs would make free ATP 
unavailable for activating the contractile mechanism. Thus, in the present study, copper, 
cadmium and cobalt may have altered the mechanical activity of M.edulis ventricle by 
depleting the availability of ener~-rich phosphates. There are two mechanisms by which 
HMs may inhibit mitochondrial A TP synthesis: 
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(A) Calcium overload 
It has been shown that HM cations can affect cellular mechanisms of calcium 
homeostasis, leading to an uncontrolled, sustained rise in the cytosolic-free calcium level 
~icotera et al., 1989; Orrenius et al., 1989; Viarengo, 1989; Viarengo & Nicotera, 1991; 
Viarengo et al., 1994). Cytosolic-free calcium may increase for several reasons: 
I) Increased calcium influx - HMs are not thought to directly increase the net influx of 
calcium into cells. However, the formation of oxyradicals may increase calcium influx by 
permitting entry through regions of non"specific membrane damage (a direct result of lipid 
degradation; Rojanasakul et at, 1993), perturbing the functions of voltage-activated 
calcium channels (Albano et al., 1991) or modifying specific calcium leak channels (Ciague 
& Langer, 1994). 
2) Enhanced release of calcium from sarcoplastic reticulum - Although calcium influx 
during the action potential may be directly sufficient for contraction of Medu/is ventricle, 
molluscan cardiac cells do possess an elaborate system of SR which extends from just under 
the plasmalemma to the middle of the cell (Sanger, 1979). HMs may cause a significant and 
lasting increase in cytosolic-free calcium by modifying the structure and function of the SR 
calcium release channel (Abramson & Salama, 1988; Holmberg et al., 1991 Salama et al., 
1992). 
3) Reduced calcium uptake by the sarcoplasmic reticulum - HMs may inhibit the membrane 
Ca2·-ATPase activity of cardiac SR, thereby reducing calcium uptake from the cytosol 
(Kukreja et al., 1988; Viner et al., 1996). 
4) Reduced activity of calcium extmding systems- HMs may also inhibit the Ca2·-ATPase 
activity of the plasma membrane, thereby reducing calcium extrusion from the cytosol 
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(Bansal et al., 1985 ;Viarengo et at, 1993; Viarengo et al., 1996). Besides the Ca2'-
A TPase, another important system for the maintenance of calcium homeostasis is the 
plasma membrane Na'/Ca2' antiporter. The Na'/Ca2' exchanger uses energy from the 
sodium electrochemical potential gradient to extrude calcium from the cell (Tibbets & 
Thomas, 1989). HMs may inhibit the Na '/Ca2' anti porter, but at present there is little 
evidence to suggest that this is via a direct mechanism. In fact, HM induced impairment of 
the Na'/Ca2' exchanger may derive from a significant decrease of the Na'IK.'-ATPase 
activity of the plasma membrane. Inhibition of the Na '/K+ -pump leads to an increase in the 
intracellular sodium concentration which may reduce or even reverse the activity of the 
Na '/Ca2' anti porter and thus intracellular calcium levels rise (Benders et al., 1994; Viarengo 
et al., 1996). 
Mitochondria are known to act as regulators of intracellular calcium levels 
(Bygrave, 1977). Since the amount of calcium stored in these organelles is determined by a 
dynamic balance between uptake from and release into the cytoplasm, any abnormal change 
in cytoplasmic free calcium would cause a change in the calcium stored by these organelles 
(Campbell, 1983). Thus, it is apparent that HMs, by inducing an uncontrolled rise in 
cytoplasmic free calcium, may produce a massive pathological increase in mitochondrial 
calcium (mitochondrial Ca2' -overload). 
It is well-established that mitochondrial Ca2' -overload inhibits A TP synthesis. This is 
thought to be due to the combined effects of the failure of the citric acid cycle to provide 
sufficient mitochondrial NADH for the respiratory chain and an uncoupling of respiration 
from ATP production due to a.depolarisation of the mitochondrial membrane potential ('I'm) 
(Minezaki eta/., 1994} · 
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(B) Direct effects 
It is known that HMs may directly alter mitochondrial function. Dehydrogenases 
(see, for example, Gould et al., 1985) of the citric acid cycle, are susceptible to metal-
induced inhibition. Furthermore, practically all HMs including.copper (Zaba & Harris, 1975; 
Byczkowski et al., 1977) and cadmium (Diamond & Kench, 1974) are able to inhibit the 
respiratory chain of mitochondria at different sites (reviewed by Byczkowski & Sorenson, 
1984). HMs have also been shown to increase the passive permeability of mitochondrial 
membranes to cations and anions, leading to a depolarisation (or even abolition) of 1{/m (see 
above) (Brierley, 1976). Finally, HM:smay inhibit the activity of ATP synthetase (also called 
FoF 1A TPase ), a major component of the inner mitochondrial membrane, Indeed, high 
concentrations of cadmium (IOmM) are capable of completely inhibiting the activity of 
F 1ATPase (part of the larger transmembrane protein) (Rauchova & Drahota, 1979). 
4.4.2.3. Contractile apparatus 
J:here is evidence to suggest that HMs are able to alter the function of the 
contractile proteins within muscle cells. A complete inhibition of myosin ATPase is 
observed with high concentrations of HMs. It is noteworthy that copper and cadmium 
produce a 50% block of myosin ATPase activity at similar concentrations to those inducing 
changes in the mechanical activity of the isolated mussel heart (5*10-4 and 10"3 M, 
respectively) (Seidel, 1969). HMs may also inhibit contractile protein function by catalysing 
the oxidation of myofibrils. This results in a major loss of myosin and actin, with 
concomitant formation of protein polymers (Decker e/ al., 1993; Kishi et al., 1995). 
However, the ability of washing to reverse the actions of copper (60% of preparations) and 
cobalt on Medulis heart would seem to indicate that the contractile proteins were not 
structurally altered by these metals. 
With the exception of increases in the intracellular free Ca2 ' concentration (see 
below), none of the mechanisms described so far, seem to account for the positive 
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inotrophic .effects of copper and cobalt observed in the present study. In the vertebrate heart 
it is well"established that myoplasmic free calcium is a major determinant of contractility. 
For example, the positive inotrophic effects of cardiac glycosides on isolated Purkinje fibres 
are due to an increase in intracellular free calcium (Wier & Hess, 1984). The relationship 
between force and intracellular calcium ion concentration is mediated by the calcium 
receptor troponin (located in the thin actin filaments) and the calcium occupancy of its 
specific binding sites (Ruegg, 1992). In molluscan muscle, the calcium switch is 
incorporated into the myosin molecule and the thin filaments do not contain a functional 
troponin (Ruegg, 1992). Nevertheless, in M.edulis ventricle a correlation between 
contractile tension and intracellular calcium levels may be supposed. In this respect, the 
positive inotrophic effects of copper and cobalt to Medu/is ventricle could be attributed to 
an increase in the cytosolic free calcium level. It is worth noting, however, that copper and 
cobalt potentiation of muscular contraction may also involve direct action of the HMs at 
myofibril binding sites. In fact, HM cations have been shown to induce far greater 
actomyosin superprecipitation than calcium ions, and they can even enhance previously 
formed calcium-induced precipitates. This suggests that HMs may bind more strongly to 
actomyosin than calcium, and that they may displace calcium from existing actomyosin 
binding sites (Huddart, 1971 ). 
4.4.3. Recovery 
An interesting effect of the exposure of isolated mussel hearts to copper (60% of 
preparations) and cobalt was the recovery of normal mechanical activity upon washing with 
ASW. This indicates that the ventricular myocytes were able to restore the mechanisms 
involved in muscle contraction. This may be at least partially explained by the rapid 
detoxification of accumulated copper and cobalt by metallothioneins (see Viarengo & Nott, 
1993), and the rapid repair of damaged macromolecules by stress proteins (see Sanders et 
al., 1996). 
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In the current study, most of the isolated hearts exposed to cadmium (80%), and 
40% of those dosed with copper (preparations exhibiting complete cardiac arrest), did not 
return to basal levels of activity by washing. These results imply that the muscle cells had 
sustained permanent damage to the processes involved in contraction. In addition to the 
effects described above (section 4.4.2), this pathological change may also be due to other 
mechanisms of HM cytotoxicity. For example, a metal-induced rise in the level of cytosolic 
free calcium is closely associated with the onset of cell death, possibly due to an irreversible 
activation of phospholipases, endonucleases, proteases, and to cytoskeletal changes due to 
actin and tubulin depolymerisation (Nicotera et al., 1988; Bellomo et al., 1989). 
Furthermore, it must be pointed out that HMs may also affect other important cellular 
functions such as lysosomal activity, protein synthesis and nuclear metabolism (Webb, 1979; 
Viarengo, 1989). 
4.4.4. Does cardiac inhibition represent a direct effect of copper on the heart ? 
The main objective of the present investigation was to determine whether the copper 
induced bradycardia observed in Medu/is (see Chapter 2) represents a direct effect of 
copper on the cellular functions of the heart. Copper ions have no effect on the mechanical 
activity of isolated ventricular strips at concentrations found to inhibit the cardiac activity of 
whole animals. Thus, the fall in the heart rate measured in whole animals cannot be 
attributed to a direct effect of copper on heart cell function. Similarly, copper ions have no 
effect on the rate of ciliary beating in Medulis isolated gill tissues at concentrations found 
to inhibit filtration rates measured in whole animals (Howell et al., 1984). 
Interestingly, relatively high concentrations of cadmium and cobalt were required to 
elicit changes in the spontaneous activity of M.edulis isolated ventricles. These results, 
together with the copper data, suggest that M.edulis ventricular myocytes are reasonably 
insensitive to HM exposure. Furthermore, Medulis isolated ventricles are approximately 10 
times less sensitive to these HMs compared with isolated rat atrium (see section 4.4.1.). 
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This may be due to mussels being exposed to comparatively higher levels of HMs in the 
environment that may well induce a greater degree of cellular tolerance to their toxic 
effects. 
4.4.5. Concluding Remarks 
To summarise, copper, cadmium and cobalt at high concentrations induced marked 
changes in the mechanical activity of Medulis isolated ventricles. Functional abnormalities 
in transmembrane ion tluxes, EC coupling, cell energetics and contractile protein function 
have been postulated to explain the cardiac changes observed. These mechanisms may act 
singly or in combination. 
More importantly, the cardiac inhibition (see Chapter 2) measured in whole animals 
cannot be attributed to a direct effect of copper on the ventricular myocytes. Although the 
heart of M.edulis is myogenic, chronotrophic and inotrophic control of the heart is also 
partially mediated by nervous innervation (Stefano, 1990). Thus, having excluded a direct 
action of copper on the heart, for the concentrations employed in Chapter 2, it would seem 
likely that copper affects the heart rate and regularity of beating in mussels via a neuronal 
pathway. 
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Chapter 5 
The effects of copper on the cardiac nerves of Mytilus edulis: 
a correlation to the copper-induced bradycardia 
observed in wbole animals 
5.1. Introduction 
The heart of M edu/is, as well as those of other bivalves, seems to be innervated by 
nerves from the visceral ganglion (Car! son, 1905a). Electrical stimulation of the ganglion or 
the visceral commisure results in an acceleration or a depression of cardiac activity 
(Carlson, 1905b; Greenberg, 1970), suggesting that the heart is innervated by at least two 
kinds of nerves, excitatory and inhibitory. The principal cardioexcitatory and 
cardioinhibitory transmitters in molluscan hearts are thought to be, in general, 5-
hydroxytrypamine (5-HT) and acetylcholine (ACh), respectively (Stefano, 1990). 5-HT 
accelerates the cardiac activity of Medu/is while producing only a small depolarisation and 
no detectable change in the relative membrane resistance (Irisawa et al., 1973). Greenberg 
(1970) observed that ACh has a biphasic action on the isolated heart of M.edu/is; low doses 
depress and high doses excite (rates and amplitudes). The end point of both responses 
involves suppression of the heart beat and its associated electrical activity. The excitor 
response of M.edulis hearts is selectively blocked by D-tubocurarine, and the depressor 
response is preferentially antagonised with benzoquinonium. Greenberg (1970) concluded 
that there are two classes of ACh receptors in the hearts - excitor and depressor - and that 
both have nicotinic character. The ACh-induced inhibition is thought to result from a K+-
mediated hyperpolarising response, while the ACh-induced excitation is believed to be due 
to a Na+-mediated depolarising response (see, Shigeto 1970; Elliot, 1980). In addition to 5-
HT and ACh, the neuropeptide FMRFamide and catch-relaxing peptide may also be 
important in regulating cardiac activity in M. edu/is (Painter & Greenberg, 1982; Hi rata et 
al., 1989). 
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Howell et al. (1984) found that copper inhibited the filtration rate in Medu/is and 
that this,inhibition was abolished on,depletion of the monoamine content ofthe·animal using 
reserpine. They concluded that the effects of copper on filtration rate were indirect and 
mediated via the nerves regulating lateral ciliary activity (branchial nerve). From previous 
chapters in the present thesis, it is evident that the copper-induced bradycardia observed in 
Medulis is not due to the direct effect of copper on the heart muscle cells or on the valve 
closure response, Thus, copper may affect the heart rate in blue mussels via a neuronal 
pathway as is the case for lateral ciliary activity. The aim of the present study was to 
examine this possibility. To fulfil this objective the effects of copper on the heart rates of 
blue mussels with excised visceral ganglia (from where the nerves regulating cardiac activity 
originate, see above) were determined. Furthermore, attempts were made to establish 
whether the copper-induced inhibition of heart rate in M.edulis can be attributed to 
disruption of a particular type of cardiac neurotransmitter. 
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5.2. Materials and Methods 
5.2.1. Experimental animals 
Blue mussels, M.edulis (shell length 4.5-S.Scm), were collected from the estuary of 
the River Exe, Devon, UK and brought to the aquarium at the Marine Biological 
Association, Plymouth. Animals were maintained in aerated, filtered seawater at l5-l6°C 
and 33%o S in 20 litre tanks. A constant light regime was employed. The mussels were 
acclimated to these conditions for one week prior to experimentation. Water changes were 
carried out every three days. The animals were not fed during acclimation or the 
experimental period. 
5.2.2. Cardiac activity 
Cardiac activity was monitored using the computer-aided physiological monitoring 
system (CAPMON) developed by Depledge & Andersen (1990) (see Chapter 2). In brief, 
this system operates by fixing a miniature reflective optocoupler, consisting of an infra-red 
light-emitting diode (LED) and a phototransistor detector, to the outside shell of the 
mussel, directly above the heart and detecting variations in reflected light intensity 
associated with the heart beat. The CAPMON system, in original specification, allows 
variations in reflected infra-red light intensity to be viewed on an mM compatible PC as if 
these were analogue input signals to an oscilloscope. Two horizontal lines on the screen can 
then be set to enable triggering of the counting mechanism. When the heart beat trace 
passes through both upper and lower trigger levels the beat is counted, and the heart rate 
(as beats per minute) is then saved on disk for later analysis (see Monitor A, section 2.2.4). 
This version of the CAPMON system is normally very reliable for recording heart rate in 
M.edulis (see Chapter 2). In the present experiments, however, removal of the visceral 
ganglia or injection of the mussels with agents that block various neurotransmitters (prior to 
copper exposure) (see below) resulted in periodic changes in the amplitudes of the heart 
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beats. llhis meant that the heart beat signal did not consistently .pass through both the upper 
and lower trigger levels, leading to counting errors. Thus, a modified version of the 
CAPMON system was used to record heart rates in the current investigation (see Monitor 
B, section 2.2.4). This system takes the initial signal from the infra-red transducer and 
passes it to a CED 140 I plus laboratory interface with a microcomputer running the software 
Spike2 for Windows V2.0 (Cambridge Electronic Design, UK). This permits the heart beat 
traces to be recorded continuously (as waveform data) and stored on disk for oflline 
analysis. A modified version of the original Spike2 script automeasu.s2s was then used to 
accurately determine heart rates (using peak search mode). 
5.2.3. Experimental protocols 
Four individuals were moved to separate 2 litre black aquarium tanks 24 hours 
before experimentation. Cardiac transducers were affixed 2 hours prior to monitoring. At 
this time, the mussels were also "propped open" (to a width of Smm) with the end of a 
plastic pipette tip. Animals were propped open to avoid the effects of valve closure over the 
first 3 hours of copper exposure (see Chapter 2). Manley (1983) suggested that complete 
valve closure is not essential for Medulis to be able to effectively isolate its soft body 
tissues from copper-laden seawater. He observed that when mussels (shell length 6.5-
7.5cm) were propped open with 3mm glass tubing the mantle edge is able to form a barrier 
around the gaping shell to seal the mantle cavity and body tissues from the surrounding 
medium. Visual observations from the present study indicated that this was not the case for 
smaller mussels, propped open 2mm wider than Manley's (1983) specimens. 
Prior to copper exposure, groups of 4 animals were assigned to one of the following 
treatments: 
(A) Controls - mussels propped open and injected with 2001-11 of physiological saline, 2 
hours prior to copper exposure (In mM: 470 NaCI, 50 MgCb, 10 KCI, 10 CaCh, 10 Hepes, 
adjusted to pH= 7.3 with NaOH, osmolarity= 1000 mmoVkg). 
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(B) Animals with their visceral ganglia (VG) removed- The VG of Medu/is lie on the 
ventral side of the posterior adductor muscle (P AM) and they are connected by a 
comparatively long commissure (White, 1937). As previously mentioned, the visceral 
ganglia innervate the heart of Medulis - a rudimentary description of this innervation is 
provided by Carlson (1905a) (see Fig 5.1). 2 hours prior to monitoring the VG were 
excised from test animals. Care was taken not to damage the PAM or the gills (the gills 
overlie the P AM when the valves are prised apart and these must be folded back into their 
respective shell halves before the VG can be removed) during this procedure. 
(C) Depletion of 5-HT content of the nervous system - Reserpine disrupts the granular 
storage of 5-HT (and also dopamine), causing it to leak into the cytoplasm, where it is 
metabolised intraneuronally by monoamine oxidase. Following reserpine application, the 
amount of 5-HT found within nerves and available for release, is severely reduced and 
consequently serotonergic transmission is impaired (Kruk & Pycock, 1991 ). Reserpine 
(Sigma) was injected into the P AM to give a final concentration of 50 mg/kg of mussel, 48 
hours prior to copper exposure. This concentration of reserpine and time interval should 
have been sufficient to deplete the 5-HT content in Medu/is (see Paparo & Finch, 1972). 
(D) Nicotinic-receptor b/ockers: 
(I) Snake venom - The snake neurotoxins that are best known chemically and 
pharmacologically are a group produced by the Elapidae (cobras, kraits and mambas) and 
the Hydrophidae (sea snakes). These act post-synaptically causing non-depolarising 
neuromuscular block. The poisons are chemically similar, being basic polypeptides (M. Wt. 
7000-8000) which fall into two groups depending on the number of their amino acid 
residue. Most of the group are 'short-chain' toxins containing 61-62 residues, while the 
'long-chain' toxins are composed of 71-74 residues. They show a great affinity for nicotinic 
ACh receptors in vertebrate neuromuscular junctions, and bind to them irreversibly. 
The elapid snake Bungarus multicinctus (Taiwan banded krait) has become famous 
for the use ofits long chain a-bungarotoxin (a-BuTX) in the identification and isolation of 
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Fig 5.1 Innervation of the heart of Mytilus spp. 1. posterior mantle nerve; 2. branchial 
nerve; 3. nerve to the posterior adductor muscle; 4. nerves to dorsal body wall and 
pericardium; 5. nerves to the base of the auricles; 6. nerves to body wall and pericardium; 
7. nerves passing posteriorly in the dorsal body wall; 8,9,10 ganglia on nerves 4; 11. 
nerves from the cerebro-visceral commissure to the kidneys; 12. nerves from the cerebro-
visceral commisures to the adductor muscles of the foot and the byssus. (from Carlson 
l905a) 
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vertebrate nicotinic receptors. This poison has also been used to study cholinoreceptors 
(ChRs) in invertebrates (reviewed by Leake & Walker, 1980). Parmentier & Carpenter 
( 19"'6) conducted a detailed study of ten different snake venoms on molluscan (Af.'ysia 
spp.) neurones. They found that the venom from B.multicinctus was the only one to block 
all three types of ACh response in molluscs (i.e. Na•- K+- and er-mediated). a.-BuTX was 
used in the present investigation in an attempt to block the different types of nicotinic ChRs 
in the heart and cardiac neurones of Medulis. Mussels were injected into the PAM with a.-
BuTX (Research Biochernicals International) at a concentration of approximately 4mglkg, 2 
hours prior to copper exposure. 
(2) Curare - Tubocurarine Is a classical example of a nicotinic antagonist at vertebrate 
cholinergic sites. It has been used as a specific cholinergic antagonist at invertebrate ChRs, 
and some of these have been discussed by Leake & Walker {1980). InMedu/is heart, D-
tubocurarine preferentially blocks the Na+-mediated ACh response (see section 5.1). In the 
current study, 9-tubocurarine chloride (Sigma) was injected into the P AM to give a final 
concentration of 8Smglkg of mussel, 2 hours prior to copper exposure. 
(J) Benzoquinonium - Benzoquinonium is another well-established nicotinic antagonist. In 
Medulis ventricle it selectively blocks the K•-mediated ACh response (see section 5.1.). 
Four mussels were injected into the PAM with benzoquinonium dibrornide (Tocris) at a 
concentration of approximately I 00 mglkg, 2 hours prior to copper exposure. 
All of the drugs described above were prepared usmg physiological saline for 
Medu/is (see above). I hour after recordings were initiated (the first hour provided a 
baseline heart rate for each mussel), the animals were dosed with 12.5J!M Cu2• (as CuCh; 
Sigma). Recordings were then continued for a further 6 hours. 
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5.2.4 Data handling and statistics 
Median heart rates (in bpm) were calculated hourly for each individual. Alterations 
in heart rates following copper exposure were expressed as a percentage change (from basal 
frequencies). All percentage data were arcsine transformed to normalise the distribution. 
Differences among means (transformed data) within- and between- (control Vs individual 
treatment groups) treatment groups over time were assessed by two-way analysis of 
variance (ANOVA), using Statistica for Windows V4.0. Normality and homogeneity of 
group Variances were checked using Bartlett's test. Duncan's multiple range test was 
performed when the results of ANOVA indicated a significant effect. 
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5.3. Results 
With the exception of animals with their visceral ganglia (VG) excised, heart rates of 
the injected animals were not significantly different from normal basal frequencies 
. previously observed for M edulis ( 19-25 bpm at 1 5°C; see Chapter 2), 1 hour prior to 
copper exposure (p>0:05; one-way ANOV A). Individuals with their VG removed exhibited 
heart rates rangingbetween 15-20 bpm. 
Controls: Fig 5.2 shows the percentage decrease in the heart rate of control mussels 
(propped open and injected with physiological saline) per hour, over a 6 hour period, 
following exposure to 12. 5j.LM Cu2+. I hour after the addition of copper, a significant 
reduction in heart rate (54± 12%) was observed (p<0.001). Over the next 5 hours the mean 
percentage decrease in heart rate ranged between 58 ± 12% - 75 ± 15%, but these values 
were not significantly different from those recorded during the first hour of exposure 
(p>0:05). The effects of copper on the heart rates of animals that were propped open have 
been compared with un-propped mussels (data obtained from experiments in Chapter 2; see 
Fig 5.2). Although the reduction in heart rate of un-propped mussels over the first 3 hours 
of exposure was higher than animals that were propped open (Fig 5.2), the mean percentage 
decrease in heart rate was not significantly different between treatment groups at any given 
time (p>0.05). 
Denervation: Fig 5.2 also shows the mean percentage change in heart rate of animals with 
their VG removed, following the addition of copper. These individuals exhibited no 
significant change in heart rate during the 6 hour exposure (p>0.05). 
Reserpine: The effect of exposure to copper on the heart rate of animals injected with 
reserpine is shown in Fig 5.3. In this case a marked fall in heart rate (64 ± I 5%) was 
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Fig 5.2. The effects of copper on the heart rate of Medu/is - un-propped animals 
(circles), animals propped open and injected with physiological saline (controls) (squares) 
and mussels with their VG removed (triangles) . Each point is the mean ± 95% confidence 
limits (n= 4). 
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Fig 5.3. The action of copper exposure on the heart rate of Medulis - controls (squares), 
specimens injected with reserpine (diamonds) and animals injected with a.-BuTX 
(hexagons) . Each point is the mean± 95% confidence limits (n= 4). 
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observed over the first hour (p<O.OOl) of exposure, and this 'level cardiac inhibition 
continued without further change over the following 5 hours (p>0.05), The mean 
percentage decreases in heart rate of animals injected with reserpine were not significantly 
different from values obtained for control mussels at any given time (p>0:05; see Fig 5.3). 
a-bungarotoxin: 1 hour after the addition of copper, a significant drop in heart rate (30 ± 
8%) was observed (p<O.OI). This level of cardiac inhibition was sustained for a further 3 
hours (p>0.05) before-a second significant fall in heart rate occurred over the final 2 hours 
of exposure (p<O.OI; see Fig 5.3). It is important to note that although copper decreased 
the heart rate of mussels injected with a-BuTX, this particular drug did act to .reduce 
considerably the sensitivity of the heart to copper over the first 4 hours of exposure when 
compared to control animals (p<O.OOl; see Fig 5.3). 
Curare: Fig 5.4 shows the effect of exposure to copper on the heart rate of mussels injected 
with !::>"tubocurarine chloride. I hour after copper was added to the aquaria, a significant 
fall in heart rate (37 ± 20%) was seen (p<O.OI). A second significant drop in heart rate (63 
± 9% reduction compared with the basal frequency) was observed after two hours (p<O.Ol), 
and this level of inhibition continued without further change over the following 4 hours 
(p>0.05). The mean percentage decreases in heart rate of animals injected with D-
tubocurarine were not significantly different from values obtained for control mussels at any 
given time (p>0.05), except for during the first hour of copper exposure (p<0.05). 
Benzoquinonium: A sequential reduction in heart rate was sP.en after I (22 ± 10%), 3 (40 ± 
9%~ and 4 (70 ± 22%) hours of exposure (p<0:05; see Fig 5.4). The level of c&idiac 
inhibition in animals injected with benzoquihonium was substantially lower than for control 
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Fig 5.4. The effect of copper on the heart rate of Medulis- controls (squares), mussels 
injected with D-tubocurarine (inverted triangles) and animals injected with 
benzoquinonium (circles). 
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mussels over the first 3 hours of exposure (p<O.OOI). Thus, in common with a.-BuTX, this 
drug acted to reduce the sensitivity of the heart to copper. 
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5.4. Discussion 
To remove the possibility that partial or complete valve closure may have influt:nced 
the heart rate of mussels over the first few hours of copper exposure (see Chapter 2), the 
present experiments were conducted on animais which were propped open. Despite this, 
copper led to marked changes in heart rate (controls). Moreover, the degree of cardiac 
inhibition observed for control mussels .was not significantly different from that of normal 
(unpropped) animals. These data concur with earlier findings (see Chapter 2) suggesting 
that the copper-induced bradycardia observed in Medu/is is not caused by valve closure. 
It is interesting to note that following the removal of the visceral ganglia (VG), the 
heart rate of mussels decreased (before copper exposure). It may be that the cardiac nerves 
maintain a tonic discharge controlling the muscle cells. It is unlikely that this tonic effect is 
5-HT- or ACh-mediated since animals injected with reserpine or a-bungarotoxin did not 
exhibit a fall in heart rate. FMRFamide may be responsible since this neuropeptide is also 
known to accelerate cardiac activity in Medulis (Painter & Greenberg, 1982). 
One of the main objectives of this study was to prevent neural inhibition of the heart 
beat by removing the ganglia from where the nerves regulating the cardiac activity originate 
(VG). Following the excision of the VG, exposure to copper had no marked effect on the 
heart. rate of Medulis. This suggests that the influence of copper on the heart rate of 
Medu/is is mediated via a neuronal pathway. This hypothesis is supported by the rapidity of 
the change in the heart rate of normal mussels on exposure to copper (see Chapter 2). The 
fact that mussels with their VG removed were unaffected by copper implies that the 
bradycardia observed in normal specimens of Medulis results from either - (a) a reduction 
in the activity of excitatory nerves to the heart or (b) an increase in the activity of inhibitory 
cardiac neurones. It is worth noting (although unlikely) that the VG may also have an 
indirect effect on heart rate, possibly through an endocrine or neuroendocrine mechanism. 
Thus, excising the VG would remove this. and mimic the copper results observed. 
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The second part of this study was concerned with investigating further the neural 
mechanism behind the effects of copper on the heart rate of M.edu/is. Following treatment 
with reserpine, exposure to copper still had a distinct effect on the heart rate of mussels. 
These results suggest that copper does not affect the cardiac activity in M.edulis by 
modifYing the activity of serotonergic or dopaminergic nerves to the heart. These data are in 
agreement with earlier findings by Gainey & Kenyan (1990). In contrast, Howell et a/ 
( 1984) discovered that the effects of copper on the filtration rate of M. edu/is were mediated 
via inhibitory dopaminergic nerves to the gills. Given that reserpine blo.cks the copper-
induced inhibition of filtration rate, but not heart rate in M.edulis, this provides further 
evidence for an absence of close nervous coupling between these physiological functions in 
blue mussels (see Chapter 2; Widdows, 1973). 
Pre-treatment of mussels with a-BuTX considerably reduced the sensitivity of the 
heart to copper. This implies that the influence of copper on the heart rate of M.edulis may 
be mediated by a change in the activity of cholinergic nerves to the heart. A higher 
concentration of injected a-BuTX may have completely abolished the copper-induced 
bradycardia (by inhibiting all ACh receptor sites). It is unlikely that a-BulX was acting on 
the nicotinic ACh receptors of M.edulis ventricle because Painter & Greenberg (1978) have 
previously shown that Elapid a-toxins have no effect on the cholinergic responses of 
isolated bivalve myocardia. Presumably, a-BuTX was blocking pre- and post- synaptic 
ChRs in the nervous system of M.edulis. After 4 hours exposure to copper, mussels pre-
injected with a-BuTX exhibited a similar level of cardiac inhibition when compared to 
control animals. This may be explained by the high degree of reversibility of a-BuTX in 
molluscan tissues (see, for example Kehoe et a/, 1976). As previously mentioned, a-BuTX 
blocks all three- types of ACh response (Na•- K·- and er-mediated) in molluscan neurones 
(see section 5.2). Thus, it is U!lclear from the current (a-BuTX) experiments which type of 
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ChR is predominantly responsible for the copper-induced cardiac inhibition seen m 
Medulis. 
The final experiments m this senes involved injecting mussels with either D-
tubocurarine or benzoquinonium, prior to copper exposure, in an attempt to selectively 
block the excitatory (Na +-mediated) or inhibitory (K+ -mediated) ACh receptors of the heart 
(see section 5.1.) (and possibly those in the central nervous system). Only benzoquinonium 
decreased the susceptibility of the heart to copper. This suggests that copper affects the 
heart rate in Medulis by stimulating inhibitory cholinergic nerves to the heart. 
The results from the present experiments, together with those ofHowell et a/ ( 1984) 
(see above) seem to indicate that, in the short-term, the physiological responses of Medulis 
to copper are adaptational rather than toxicological (although the direct action of copper at 
the VG has yet to be ruled out). Howell et a/ ( 1984) suggested that there may be 
chemosensory receptors capable of detecting rising metal concentrations in the seawater. 
Indeed, the salinity receptors demonstrated by Davenport (1981) to respond to rising 
concentrations of seawater in M.edulis, appeared to require the presence of both sodium 
and magnesium for normal functioning. It may be that the osphradia or the abdominal sense 
organs of Medulis are the putative chemosensory receptors. White (1937) suggested that 
both of these structures act as water-testing organs in Medu/is. Later studies have 
confirmed the chemosensory role (including noxious stimuli) of the osphradial complex and 
the abdominal sense organs in several bivalve and gastropod molluscs (see, for example, 
Moir, 1977; Wedemeyer & Schild, 1995; Kamardin, 1995). In bivalve molluscs both 
sensory organs are situated close to, and are thought to have a direct neuronal connection 
with the VG (White, 1937; Moir, 1977; Kraemer, 1981). Thus, the osphradia or abdominal 
sense organs may respond to copper and transmit this signal to the VG. Since the VG 
innervates the PAM, gills, siphons and heart of Medulis (Carlson, 1905a), these neural 
signals may rapidly induce valve closure, reduce filtration rates, cause siphon withdrawal 
and cardiac inhibition. These responses are commonly obseJVed in Medulis during initial 
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exposure to copper (see Chapter 2) and are adaptive because they all serve to slow down 
the uptake of copper (and hence its toxicological effects) by reducing contact with the 
environment and reducing blood flow within the organism. 
During periods of chronic exposure, the physiological responses of M.edulis to 
copper may be a consequence of direct neurotoxicity (although direct effects on various 
target organs cannot be discounted on a long-term basis - e,g. see, for example, Chapter 4). 
The neurotoxicity of heavy metals has been correlated to alterations in - the synthesis, 
release and uptake of neurotransmitters (Cooper & Sternberg, 1977; Cooper et al., 1984; 
Salanki & Hiripi, 1990; Salanki et al., 1993; De Broeck et al., 1995), enzymes critical for 
neurotransmitter degradation (Verma et al., 1981; Nemcsok & Hughes, 1988; Leung et al., 
1992), levels of cyclic nucleotides (Nathanson & Bloom, 1976; Hiripi et al., 1985), and G-
protein coupled receptors and ligand-gated ion channels (reviewed by Mailman & Lawler, 
1993). 
In summary, the results from the present investigation indicate that copper affects 
the heart rate in M.edulis by stimulating an inhibitory (K+-mediated) cholinergic neuronal 
pathway to the heart. It is suggested that there may be a chemosensory mechanism present 
in the animals which responds to increased levels ofmetals.in seawater leading to changes in 
the activity a number of physiological functions (including heart rate). Further work should 
now be conducted with a view oflocating precisely the proposed chemosensory structures. 
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Chapter 6 
Effects of the organophosphorous pesticide, dimethoate, 
on cardiac and acetylcholinesterase (AChE) activity 
in the shore crab, Carcinus maenas 
6.1. Introduction 
In recent years, organophosphorous (OP) insecticides have largely replaced the use of 
organochlorine pesticides because of their rapid breakdown in water and their low environmental 
persistence. In Italy, for example, 77% of all insecticides used are OPs (Provini et al., 1991). 
However, their extensive use has resulted in a high contamination risk to aquatic environments 
(Gabrielides, 1995). OPs reach the marine environment through rivers, the atmosphere, 
agricultural run-off, and industrial point sources (UNEP, 1991). Dimethoate is a dithiophosphate 
insecticide which has a broad, world-wide application, on a range of crops, including apples, 
pears, tobacco, beans and various other vegetables (Hassall, 1990; Serensen et al., 1995). The 
annual production of dimethoate in the European Union (EU) is estimated to be 6000-8000 tons 
(UNEP, 1991), and levels ofdimethoate up to 39.91lgr1 have,been detected in surface waters 
close to the shore of the Mediterranean Sea·(Hernimdez et al., 1993). 
The primary mode of action of OPs is via inhibition of acetylcholinesterase (AChE; EC. 
3. 1.1. 7) activity in the neural tissues of insects. However, the eftects of OPs are neither restricted 
to AChE inhibition, nor to insects. AChE inhibition causes an accumulation of acetylcholine at 
nerve synapses and disruption of nerve function. Recovery of AChE activity in organisms that 
survive the acute effects, is dependent upon the slow, but spontaneous· dephosphorylation of the 
inhibited site in addition to the synthesis of new AChE (Peakall, 1992). The acute lethal effects 
of dimethoate have been determined in several aquatic invertebrate species, including the 
freshwater crustaceans, Daphnia magna and Gammarus /acustris (USDI, 1968), and the marine 
crustaceans Panda/us montagui, Crangon Crangon and Carcim1s maenas (Portrnann, 1970). 
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These studies and those on other aquatic biota, primarily fish (Johnston and Corbett, 1985; 
Persoone et al;, 1985; Sheela and Muniandy, 1992; Ghosh and Baneljee, 1993; Muniandy and 
Sheela, 1993; Begum and Vijayaraghavan, 1995, 1996), indicate that crustaceans are the most 
sensitive aquatic organisms with regard !O OP exposure. Reports documenting the sublethal 
effects of OPs on non-target aquatic invertebrates are scarce. However, Escartin and Porte 
(1996a) demonstrated a significant reduction in muscular AChE activity in the crayfish, 
Procambaros c/arkii, exposed to concentrations offenitrothion as low as 4jlg 1"1. 
The majority of biomarkers currently used to assess the effects of marine contaminants 
involve the destructive sampling of tissues. However, by killing the animal, it is not possible to 
eliminate the confounding influence of inter-individual variation in response to pollutant 
exposure. Hence, in recent years, interest has centred on the development of non-destructive 
techniques that permit sequential samples from .the same individual. Blood, urine, faeces, scales, 
tissue and organ biopsies may be suitable for a range of non-destructive biochemical and cellular 
biomarker measurements (Depledge, 1994), such as specific enzyme activities (e.g. AChE, 
EROD activity, glutathiones) and lysosomal responses (Moore et a/, 1996). Non-destructive 
physiological biomarkers include oxygen consumption, ventilation, cardiac activity, faeces 
output, growth and reproductive output (Depledge, 1994). Repeated measurements allow an 
individual to be used as its own control. Since variation within an individual is normally 
substantially less than inter-individual variability, the sensitivity of the assay is enhanced. 
Cardiac activity can provide an indication of the general well-being of decapod 
crustaceans (Cumberlidge and Uglow, 1977; Depledge 1985), Typically, cardiac activity of the 
common shore crab, Carci1ms maenas, has been monitored invasively via impedance 
cardiography, which may in itself, give rise to some degree of physiological disturbance. 
However, the advent of computer-aided physiological monitoring has.perrnitted long-term, non-
invasive, continuous recordings of heart rate and regularity in selected macroinvertebrates 
(Depledge and Andersen, 1990; Depledge.et al., 1996). Exposure to chemical contaminants can 
result in dramatic changes in the cardiac activity of Carcinus maenas (see, for example, 
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Depledge, 1984a, 1984b; Aagaard and Depledge, 1993; Lundebye and Depledge, 1996). To 
date, there is no literature available regarding the effect of OP pesticides on the cardiac activity 
of crabs or other marine invertebrates. 
The inhibition of AChE has been routinely measured in order to evaluate the biological 
impact of OP and carbamate pesticides within both terrestrial and aquatic environments. 
Measurements of AChE in brain and other neural tissues have been the main means of 
monitoring exposure. Non-destructive methods, such as measuring AChE activity in plasma or 
serum, are rarely used because ofthe·Iarge variability among individuals and the transient nature 
of the response (Peakall, 1992). However, Fairbrother et al. (1989) have pointed out that blood 
measurements have the advantage over brain assays of allowing sequential AChE measurements, 
thereby reducing the influence of inter-individual variability. 
The present study addresses the lack of suitable, non-destructive, biomarkers of OP 
exposure and effect in coastal and estuarine environments. The effect of dimethoate exposure on 
cardiac activity was used as a physiological measure of stress in the shore crab (Carcinus 
maenas). Haemolymph AChE activity was assessed in the same individuals as a rapid, 
biochemical tool, for detecting OP contamination. 
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6.2. Materials and Methods 
6.2.1. Experimental Animals 
Male intermoult shore crabs (carapace width 48 ± 4 mm) were collected from the 
estuary of the River Avon in Devon, UK and returned to the marine aquarium at the University 
of Plymouth. Twenty crabs were randomly assigned to one of four treatment eroups (0, 0.5, 1.0 
or 2.0 mg 1"1 dirnethoate). Haemolymph samples (200 J.ll) were extracted non-destructively from 
the basal arthrodial membrane of the second walking leg of each individual. Subsequently the 
animals were acclimatised to laboratory conditions for one week prior to experimentation. This 
period also allowed time for the crabs to replace the volume of haemolymph sampled, which 
represents approximately 4% of total haemolymph volume in adult male Carcimts maenas. The 
crabs in the 0 mg 1"1 dimethoate treatment acted as controls for any effect of acclimation. 
Carcimts maenas were maintained in an 80 I holding tank with aerated filtered seawater at 15 ± 
1 o C and 34 ± 1 %o and held in a 12 h: 12 h light: dark regime. Water changes were carried out 
every three days. The animals were not fed during acclimatisation or the experimental period. 
6.2.2. Cardiac monitoring 
Cardiac activity was measured by automated interpulse duration assessment (AIDA; 
Depledge et al., 1996), which records interpulse intervals, thereby facilitating assessment of 
heart rate and the regularity of beating. An infra-red emitter/detector (Depledge and Andersen 
1990) was affixed to the cardiac region of the dorsal carapace of crabs. During the heart's cycle 
of action varying amounts of light were reflected back to the detector in the transducer. The 
electrical signal from the transducer was sent, via a fine wire, to a purpose-built interface linked 
to a computer. Crabs were transferred from a holding tank tC' individual 2 I aquaria following 
tranducer attachment and interpulse durations were recorded for 6 h prior to dirnet!;oate 
exposure. Technical grade dirnethoate (99% w/w) was used as the test chemical. A 1000 mg 1"1 
stock solution was prepared using distilled water, and the appropriate working concentrations 
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were added directly to the aquaria. Control animals received l ml of distilled water. Cardiac 
monitoring was continued for l8·h post"exposure. 
6.2.3. Acetylcholinesterase activity 
After 24 h cardiac monitoring (18 h exposure to dimethoate), a second haemolymph 
sample was· collected. All haemolymph samples were expelled into individual siliconised 
rnicrocentrifuge tubes and were spun at 10,000 x g for 10 minutes at 3 °C, to remove the 
haemocytes. A IS 1-11 aliquot of the resulting supernatant was taken for total protein 
determination, and the remainder was transferred to a new siliconised microcentrifuge tube and 
kept frozen·at -80 oc. Haemolyrnph samples were analysed within two months from the day they 
were taken. 
A modified version of the calorimetric technique described by Ellman et al. (1961) was 
used to measure AChE activity. All samples were run in duplicate at 25 oc. A 1.45 ml aliquot of 
DTNB (5,5 dithiobis 2 nitrobenzoic acid; 0.27mM dissolved in phosphate buffer, pH 7.4) was 
taken, 50 1-11 of buffer was added to the blank cell and 50!!1 of haemolymph to the reference 
cell. The increase in absorbance was recorded (at 412nrn) until the endogenous reaction was 
complete (usually 10-15 min; Fig 6.1 a). Following this pre-incubation period, the reaction 
was initiated by adding an aqueous solution of acetylthiocholine iodide (50 Ill, 0.075 mM) 
and the increase in absorbance measured for 10 min (Fig 6. 1 b). 
Haemolymph total protein concentrations were measured using the Pierce BCA protein 
assay. This reaction combines the biuret reaction (protein reducing Cu2+ in an alkaline medium to 
produce Cu1+ ; Lowry et al., 1951) with bicinchoninic acid (BCA). Protein standards were 
prepared with .bovine serumalbumin (BSA) and absorbance was measured at 562 nrn. 
AChE activity was expressed as nmoles of substrate hydrolysed per min per mg 
protein. 
146 
11) 
.. 
!ii ~ 
.c 
<( 
A 
0.068 
0.051 
0.034 
5 
Time(min) 
10 
u 
u 
c:: 
.. 
-e 
0 
.. 
.D 
< 
B 
0.068 
0.051 
0.034 
0.017 
0 .000 +--r-.......... --.---r--.--.----r--.--4-
0 5 
Tunc(min) 
10 
Fig 6.1 (a) Reaction between DTNB (5,5 dithlobis 2 nitrobenzoic acid) and Carcinus 
maenas haemolymph (sample pre-incubation, 10 mins). (b) Addition of acetylthiocholine 
iodide to both reference and blank cells for the same haemolymph sample (AChE 
activity, lO mins). 
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6.2.4. Data handling and:statistics 
A purpose-written software programme was used to analyse the All>A data (mean, 
maximum and minimum interpulse durations and variance coefficients), obtained before and 
during dimethoate exposure. In view of the possibility of effects due to initial handling, the first 
hour of recorded data was ignored. Moreover, to avoid the influence of diurnal rhythms in 
cardiac activity, analysis of cardiac data recorded during dirnethoate exposure was restricted to 
periods of measurement in light conditions (6,h). 
Cardiac data were analysed using one-way analysis ofvariance(ANOVA, Statgraphics 
version 5.0), Percentage changes in mean heart beating from before and during dimethoate 
exposure were arcsine transformed to normalise the distribution. Bartlett's test was applied to 
check the variance. Differences between treatment means were identified using multiple range 
tests:(LSD). 
AChE data were log-transformed to normalise the distribution and reduce heterogeneity 
of variance among crabs. AChE inhibition was analysed using a simple and a covariate one-way 
analysis of variance (ANOVA and ANCOVA respectively). AChE values taken prior to 
dimethoate exposure were used as the covariate, and AChE activity measured after exposure 
was used as the response variable. Repeated measures ANOV As were performed for each 
treatment groupto examine within- and between-crab variance. Between-crab variation was the 
main effect and the ERROR term was split into a time period effect (within-crab variation) and 
ERROR term. The product moment correlation coefficient was·used to examine the relationship 
between AChE inhibition and heart rate. 
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6.3. Results 
Mean heart rates (expressed as percentage change) in crabs, decreased in a 
concentration-dependent manner following dimethoate exposure (Fig 6.2.). The percentage 
decrease in heart rate was significantly greater in crabs exposed to 2 mg 1"1 (p < 0.05). Mean 
heart rates of the crabs before and during dimethoate exposure are presented in Table 6. I. 
Variability in the cardiac activity among crabs in all treatments was large, with coefficients of 
variation ranging from 22-58%. Dimethoate exposure did not significantly affect maximum or 
minimum interpulse durations or the regularity of beating (measured as coefficients of variation; 
one-way ANOV As, p > 0.05;results not shown). 
Haemolymph AChE inhibition also appeared to be concentration-dependent (Fig 6.3). 
Comparisons of the mean AChE levels, among the four treatment groups, are shown in Table 
6.2. Using a simple one-way ANOVA (no covariate), there were no significant differences 
among the four groups (p > 0:05). However, significant differences were observed by using one-
way analysis of covariance (p < 0.05), thereby allowing adjustment for the linear effect of the 
covariate (samples obtained prior to exposure). The repeated-measures ANOVA tables (Table 
6.3.), indicate that there is only a statistically significant depression of AChE activity at 2 mg 1" 1 
dimethoate (p < 0:05). Furthermore, within-crab variation was 73 times less than between crab 
variation for the controls, while for treated crabs, between crab variability was 3-6 times greater 
than within crab variability. 
The percentage inhibition of haemolymph AChE activity m treated crabs was 
significantly correlated with the percentage decrease in mean heart rate for the same individuals 
(r=0.55, p<O.Ol; Fig. 6.4.). 
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Fig 6.2. The effect of dimethoate on the heart rate of Carcinus maenas (mean ± SE; data 
arcsine transformed; n=S per treatment). 
Treatment group N Heart rate before Heart rate during 
Control 5 28 ± 6 26± 5 
22 % 21% 
O.Smg r 1 dimethoate 5 47 ± 19 36 ± 19 
40% 53% 
1. 0 mg r 1 dimethoate 5 28 ± 17 20 ± 7 
58% 35% 
2.0 mg r 1 dimethoate 5 47 ± 14 30 ± 15 
31% 49% 
Table 6.1. Mean(± SD) and coefficient of variation(%) for Carcinus maenas heart rate 
(expressed as beats per minute) before and during dimethoate exposure. 
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Fig 6.3. The inhibition of Carcinus maenas haemolymph AChE activity by dimethoate 
(mean ± SE; data arcsine transformed; n=5 per treatment) 
Treatment group N 
Control 5 
0.5mg r' dimethoate 5 
1.0 mg r' dimethoate 5 
2.0 mg r' dimethoate 5 
AChE activity 
before 
201 ± 95 
47% 
239 ± 40 
17% 
234 ± 75 
32% 
254 ± 109 
42% 
AChE activity 
after 
198 ± 113 
57% 
213 ± 64 
30% 
191 ± 66 
34% 
194 ± 91 
47% 
Table 6.2. Mean (± SD) and coefficient of variation (%) for Carcinus maenas AChE 
activity (expressed as nmoles of substrate hydrolysed/min/mg protein) before and after 
dimethoate exposure. 
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Source ss df MS F 
Control 
Between crabs 0.46434 4 0.116 9.104706* 
Within crabs 0.00633 
Time periods 0.00153 1 0.00153 1.2(NS) 
Residual 0.0051 4 0.001275 
Corrected total 0.47097 9 
0.5 mgr1 
Between crabs 0.07819 4 0.019548 10.08669* 
Within crabs 0.01658 
Time periods 0.00883 0.00883 4.556244(NS) 
Residual 0.00775 4 0.001938 
Corrected total 0.09477 9 
1.0 mg r 1 
Between crabs 0.15169 4 0.037923 6.798673* 
Within crabs 0.04536 
Time periods 0.02305 0.02305 4.132306(NS) 
Residual 0.02231 4 0.005578 
Corrected total 0.19705 9 
2.0 mg r 1 
Between crabs 0.3025 4 0.075625 47.42** 
Within crabs 0.04565 
Time periods 0.0393 0.0393 24.74811 * 
Residual 0.00635 4 0.001588 
Corrected total 0.34815 9 
(NS) not significant, * significant at 0.05-level, ** significant at 0.01-level 
SS = sum of squares; df = degrees of freedom; MS = mean squares; F = F-value 
Table 6.3. Repeated-measures analysis of variance tables showing relative variability of 
haemolymph AChE activity, between crabs and within crabs, for the four treatment groups. 
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Fig. 6.4. The relationship between inhibition of haemolymph AChE activity and heart 
rate in crabs (r=0.55). 
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6.4. Discussion 
The present study demonstrates that OP pesticides are capable of causing cardiac 
irregularities in the shore crab, Carcim1s maenas. lihese findings are important because few 
studies have documented the effects of OP pesticides on the physiological responses of non-
target, aquatic species (Sinha et al., 1991). Tohe observed decrease in the heart rate.ofthe crabs 
exposed to dimethoate, indicates that this compound affects their general health status. 
Disruption of cardiac activity in:Carcim~s maenas has also been demonstrated for other types of 
pollutants, including crude oil and heavy metals. Depledge (1984b) reported an increase in heart 
rate following exposure to sublethal concentrations of the water soluble fraction ofF ortes crude 
oil. Similarly, at low concentrations, copper also acts to increase the heart rate (Aagaard and 
Depledge, 1993; Lundebye and Depledge 1996), and reduces the heart beat regularity of 
Carcim1s maenas (Lundebye and Depledge 1996). On the other hand, mercury ions caused a 
pronounced suppression of cardiac activity in shore crabs (Depledge, l984a). Since a variety of 
contaminants affect the cardiac activity in Carcim~s maenils, measurements of heart rate and 
regularity in this species could be incorporated into environmental monitoring programmes, as a 
non-specific biomarker of pollutant exposure. 
It is generally accepted that a 200/o or greater depression in AChE activity in either birds, 
fish or invertebrates indicates exposure to OP insecticides (Day and Scott, 1990). The current 
experiments demonstrated that exposure of Carcim~s maenas to dirnethoate, resulted in a 300/o 
reduction in haemolymph AChE activity at 2 mg r' . This level of inhibition did not cause direct 
mortality, but could represent detrimental effects in terms of growth and reproduction. For 
instance, Muniandy and Sheela ( 1993) exposed the freshwater fish, Lepidocephalichthyes 
thermal is, to sublethal concentrations of dimethoate (0-0.8 mg r') and found decreased growth 
rates, food absorption and general metabolism. The 48 h LC5o value for Carcim~s maenas is > 
3.3 mg r' dimethoate (Portmann, 1970), which is similar to that of the water flea, Daphnia 
magna (2.5 mg r• dimethoate; USDI, 1968). These crustaceans are considerably more sensitive 
to dimethoate than freshwater fish. For example, 96 h LC50 values of 39 mg r' and 65 mg r• 
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dimethoate have been reported for the freshwater fish Heteropneustes fossi/is (Ghosh and 
Baneljee, 1993) and C/arias batrachus (Begum and Vijayaraghavan, 1996), respectively. 
However, they are more tolerant of dimethoate than the freshwater crustacean Gammarus 
/actustris, with a 48 h LCso value of 0.4 mg r• (USDL 1968) and the marine crustaceans 
Panda/us montagui and Crangon crangon with 48 h LCso values of> 0.033 mg 1"1 and 0.0003-
0.001 mg r• dimethoate, respectively (Portmann, 1970). The haemolymph AChE activity 
measured for Carcinus maenas in this study (201.7 ± 95.7 nrnol min"1mg"1 protein for the 
control group; Table 6.2) is lower than the specific activity of AChE in homogenate (SSS 
nmol min" 1mg"1 protein) and synaptosomal (833 nrnol min·' mg·• protein) fractions of blue 
crab (Ca//inectes sapidus) ventral ganglia tissue (Habig et al., 1988). AChE is primarily a 
membrane-bound enzyme (Piummer et al., 1984), hence one would expect lower activity in 
the haemolymph (from which the haemocytes were removed) than in tissue such as ganglia. 
Therefore, it is not surprising that haemolymph AChE activity for Carcinus maenas is more 
similar to the cytosolic fraction (114 nmoles/min/mg protein) ofCa/linectes sapidus ventral 
ganglia tissue (Habig et al., 1988). Since acetylcholinesterase is only present in small 
amounts in the blood of Carcinus maenas, this may allow for acetylcholine to act as a 
circulatory hormone. 
Despite the dramatic toxicological effects of OP pesticides under laboratory conditions, 
it has been generally assumed that they do not produce any significant effects at concentrations 
usually found within the aquatic environment. However, recent in siht studies have revealed that 
non-target organisms have been affected within marine ecosystems. For example, Burgeot et al. 
(1996) reported up.to SO% inhibition of AChE activity in red muUet (Mu/Ius Barbartus) and two 
species of camber (Se"anus hepatus and Se"amts cabril/a) near several large coastal cities in 
the north-western part of the Mediterranean sea. The majority of in situ investigations have 
centred upon the use of fish to monitor OP contamination, probably due to the fact that they 
exhibit considerably higher AChE activity. However, the present experiment involving Carcimts 
maenas, and those by Escartin and Parte ( 1996a, b) on the crayfish, Procambarus clarkii, 
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suggest that aquatic-crustaceans may be equally appropriate. Moreover, Habig et al. (1988) 
reported that (blue crab, Cal/inectes sapidus) ganglia AChE is more sensitive to the OP 
insecticides malathion and parathion than channel catfish (lctaluros punctatus) brain AChE, 
in vitro. Nevertheless, care should be taken when interpreting AChE inhibition as an 
indicator of in situ of OP and carbamate poisoning. Recent reports claim that AChE may 
respond to contaminants other than, or in addition to, pesticides (Labrot et al., 1996; Payne et 
al., 1996). Thus, AChE measurements may have a new future as cost-effective, non-specific 
biomarkers of environmental· contamination. 
This work highlights some severe methodological e:rrors that could be being made 
wh.;on measuring AChE activity within biological tissues. The Ellman reaction measur(..S the 
rate of enzymatic hydrolysis of acetylthiocholine by coupling the liberated thiocholine with 
DTNB (5,5-dithiobis-(2-nitrobenzoic acid)) to form the coloured 5-thio-2-nitrobenzoate anion 
which is readily assayed spectrophotometrica11y (in the region 405-420 nm). However, crab 
haemolymph, in the absence of acetylthiocholine, also reacts with DTNB to form the yeUow 
anion. This reaction is presumably an endogenous reaction, which must be removed by pre-
incubating the samples before measurements of AChE activity can be accurately made. In 
the case of crab haemolymph, the endogenous reaction can persist for 10- 1'5 min, and the 
increase in absorbance was in many cases larger than the actual AChE activity. The majority 
of research which has been conducted on AChE measurements neglects the importance of 
this endogenous reaction. In contrast to crab haemolymph, the reaction between human 
plasma and DTNB is negligible, compared with the actual AChE activity (Curtis, 
unpublished). The human plasma AChE reaction ( 1.3-3.4 IJ.mol min-1 ml-1; Szasz, 1968) is 
approximately two orders of magnitude higher than the AChE reaction for crab 
haemolymph·(0.0036-0.0194 IJ.mol min-1 ml'1; calculated from control group data), whereas 
the endogenous reactions are reasonably similar (for example, concentrations of product at 
the endpoint of the endogenous reactions were 7.35*10-7 - 6.6 *10-6 mol r1 and 1.17*10-5 
mol r1 (one sample) for crab haemolymph and human plasma, respectively; Curtis 
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unpublished): Thus, reports in the past, questioning the sensitivity of AChE levels in some 
aquatic invertebrates for detecting sublethal OP insectidde exposure (Rocquene et al., 
1990), may be prove to be unfounded. After-all, large endogenous reactions in organisms 
with low AChE activities, could be masking the effects of anti-cholinesterase poisoning. 
Few studies have addressed inter-individual variability in response, despite its 
importance as the basis of ecological change (Depledge, 1990). The data from the present 
study indicate that there is considerable variability in both cardiac activity and AChE levels 
among individual crabs. In contrast, the control data show that values within the same 
individual remain relatively, constant. Similarly, Fairbrother et al. (1989) found that inter-
individual variability was substantially greater than intra-individual variability in plasma ChE 
activity in mallards. They advocated the use of repeated measure experimental designs for 
monitoring pollutant exposure and effects; thereby removing the influence of variation 
among individuals. It is clear from the current experiment that the large inter-individual 
variability in both cardiac and AChE activity would have disguised the treatment effects, 
had a repeated measures approach not been adopted. The correct use of statistics in 
repeated-measure experimental designs is an important consideration. A simple one-way 
ANOV A proved to. be·sufficient to reveal pesticide effects on cardiac activity, however, this 
was not the case for the AChE data. In the latter case, one-way analysis of covariance was 
employed, as recommended by Fairbrother et al. ( 1989). 
Most studies on the relationship between AChE activity and other biornarkers have 
examined the relationship between AChE inhibition and behavioural changes ill avians anrl fish 
(Peakall, 1992). Pavlov et al. (1992) investigated the effects of the OP insecticide, DDVP 
(dichlorvos), on brain AChE activity and feeding behaviour in bream (Ahramis brama). Their 
results showed that the cholinergic·system in fish brain contributes to the mechanism controlling 
feeding behaviour. The findings ofthe present study suggest a mechanistic link between AChE 
inhibition and reduced heart rates in Carcinus maenas exposed to dimethoate, implying a direct 
effect on cardiac neuronal control. The-assumption that there is a link is dependent upon AChE 
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activity within cardiac neurones and haemolymph AChE activity being inhibited concurrently. 
Cer6n et al. (1996) reported a strong correlation (correlation coefficient: 0:9I) between 
inhibition of brain and plasma AChE activity in the European eel, Anguil/a anguilla, by the OP 
insecticide diazinon. Similar relationships between brain- and blood AChE activity have been 
established for other fish species (Morgan et al., 1990) and mammals (Abdelsalem, I987). 
Further compelling evidence for a link between AChE inhibition and reduced heart rate in 
Carcinus maenas is derived from-the work of Welsh (I939), which showed that some of the 
ganglion cells and newe fibres of the heart of Carcinus spp are cholinergic. Low 
concentrations (I* I o-8 M) of acetylcholine (ACh) were found to accelerate the heart. 
However, increasing concentrations (> I* I o-8 M) caused a rapid firing of the pacemaker 
cells of the heart, such that the absence of a refractory period allowed the heart to be 
stopped in systole, causing a fall in beat frequency. Thus, dimethoate may have been acting 
to reduce the heart rate in Carcilms maenas by causing an accumulation of ACh at the 
neuromuscular junction (by preventing the hydrolysis of ACh through the inhibition of 
AChE). However, to confirm whether this relationship is causal, further work is required in 
order to establish correlations between AChE inhibition within the cardiac neurones and 
reductions in the heart rate of Carcinus maenas. Nevertheless, the decrease in cardiac activity 
may also be due to the secondary effects of high OP exposure, such as, through the inhibition of 
respiratory activity. For instance, Sarojini et al. (I989) found that Nuvan (OP) decreased oxygen 
consumption in the marine portunid crab, Ozius ntgulosus, after exposure to I.12 ppm for up to 
96 h. Thus, the effects of dimethoate on cardiac output in Carcinus maenas could be attributed 
to the impairment of gill activity and the resulting hypoxia. 
The relatively low inhibition of AChE in crabs at the high concentrations of dimethoate 
employed in the present study indicates that the reaction was not very specific, suggesting that 
AlBA may be a more suitable tool for biomonitoring. Nevertheless, proving that pesticides are 
directly toxic to the cardiac systems of crabs, or represent toxic effects on other systems (as 
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opposed to changes resulting from non-detrimental physiological adaptation), is necessary to 
ensure thatthe data collected convey true ecological significance. 
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Chapter 7 
General Discussion 
There is an increasing interest in the development and validation of biomarkers of 
chemical pollution for use in the marine environment. So far, biomarkers have been 
identified that indicate that organisms have been exposed to chemical stress (general 
biomarkers; see Mayer et al., 1992) and in some cases, even specific stressors e.g. 
metallothionein responses following metal exposure (Benson et al., 1990). Whilst signalling 
that an exposure has taken place, such biomarkers contribute little to the prediction of the 
direct consequences for the organism or population in question. For this to be possible; a 
particular biomarker response should reflect early biochemical modifications that precede 
structural or functional damage (biomarkers of effect). In the present thesis, the cardiac 
activity of aquatic invertebrates (the blue mussel, Mytilus edulis, and the common shore 
crab, Carcitms maenas) was assessed as a potential biomarker of contaminant exposure and 
adverse effect. To determine whether the cardiac responses were related to toxicological 
effects, it was necessary to study the mechanisms responsible for the changes observed (if 
the reactions were adaptational, rather than toxicological, then they would not be useful as 
biomarkers of adverse effect). It was anticipated that the current study would also provide 
an insight into fundamental mechanisms of toxicity (i.e. those leading to mortality). 
The main aim of this thesis was to establish the mechanism of action of the heavy 
metal, copper, on the cardiac physiology of the blue mussel, Medulis. Copper is a very 
important pollutant within the aquatic environment (see chapter I), and is one of the most 
toxic to marine biota. Previous studies have shown that low levels of copper induce 
bradycardia in the blue mussel (see Chapter 1). It has always been assumed (although never 
proven) that this drop in heart rate is consequence of valve closure (see Davenport & 
Redpath, 1984), rather than a direct effect of copper on the cardiac system. To test this 
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hypothesis, the first result chapter in this thesis (Chapter 2) investigated simultaneous valve 
and cardiac responses in M.edu/is to copper exposure. Furthermore, heart rate variability 
(HR V) was examined as a potentially more sensitive biomarker of pollutant exposure than 
simply measuring heart rate alone. The copper induced. bradycardia observed in M. edulis in 
the present study was consistent with earlier publications. The concentration of copper 
causing a 50% reduction in heart rate (after 48 h exposure) was 0.8 J.l.M. This concentration 
was an order of magnitude higher than the copper concentration causing a 50% increase in 
HRV (0.06 J.1M after 48 h). These results suggest that HRV in M.edulis is a more sensitive 
indicator of environmental stress than heart rate. The initial effects of high levels of copper 
(~ 3.1 J.1M) on the cardiac activity of M.edu/is appear to be a result of valve closure, 
However, at low copper concentrations (0.8 J.l.M), and after 2-3 hours exposure to high 
copper concentrations, M.edulis flap their shell valves. Despite this flapping behaviour 
mussels still exhibit bradycardia and irregularities in cardiac rhythms. Thus, it was 
concluded that shell closure is not the major effect in the cardiac response of M.edulis to 
copper. Whether this is also the case for other bivalve species that exhibit copper-induced 
bradycardia (e.g. Scrobicularia plana), or for bivalves exposed to other categories of 
pollutants (bradycardia has been observed in mussels exposed to hydrocarbons, zinc and 
chlorine), remains to be seen. 
Given that valve adduction did not appear to be important, it was considered that 
copper may disrupt cardiac activity in M.edu/is via a direct mechanism. One possibility was 
that copper induces bradycardia in blue mussels by blocking voltage-activated ionic currents 
in the heart muscle cells. This theory was examined in ChaptP.r 3 using the whole-cell patch-
claMp technique. Although ionic channels have been extensively studied in verte1xate 
cardiac cells, little is known about the variety of such channels in invertebrate heart cells. 
Four different ionic currents were identified and characterised in M.edulis ventricular 
myocytes. Two outward potassium currents could be distinguished. A slowly activating 
delayed rectifier (IK) and a rapidly activating A-current (lA). Two inward currents were also 
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characterised. A rapidly activated sodium current (IN.) (in only 6% of the cells) and slower 
activated L-type calcium current (le.). The mussel ventricular myocytes showed strong 
similarities with vertebrate heart cells, exhibiting a similar range of voltage sensitive 
conductances and differing mainly in that the mussel cells show no calcium activated 
potassium current or T-type·calcium current (although not all vertebrate heart cells possess 
these conductances either). Copper ions had no effect on the ionic currents of Medulis 
heart cells at concentrations shown to inhibit the cardiac activity of the whole animals. 
These results were surprising given that copper is known to block calcium channels at 
micromolar concentrations in the majority of vertebrate and invertebrate tissues examined to 
date (see Chapter 3). Clearly, the bradycardia measured in whole animals (Chapter 2) was 
not due to a direct effect of copper on myocyte ion channel function. 
Chapter 4 examined the possibility that copper may still directly affect the cardiac 
physiology of blue mussels by disrupting other important cellular functions of the heart e.g. 
excitation-contraction coupling, contractile protein function or myocardial energy 
production. There was ample evidence from the literature to suggest that copper could 
induce functional abnormalities in these processes via direct interaction with cellular 
proteins, or by stimulating the peroxidation of membrane lipids. Ventricular strips were 
isolated, tied around both ends using fine surgical thread and suspended in a perfusion 
chamber. Recordings of mechanical activity were then made using an isometric force 
transducer. Responses of the isolated hearts to copper were also compared with responses 
to cadmium and cobalt, in order to determine whether different heavy metals induce 
myocardial dysfunction via similar cellular and molecular mechanisms. Relatively high 
concentrations of copper, cadmium and cobalt were required to elicit changes in the 
mechanical activity of M.edulis isolated ventricles. 'Uhey were approximately 10 times more 
resistant to these heavy metals compared with the isolated vertebrate heart (see Kleinfeld & 
Stein, 1968). It was suggested that this may be due to the fact that mussels are exposed to 
comparatively higher levels of heavy metals in their environment which may well induce a 
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greater degree of cellular tolerance to their toxic effects. With the exception of copper and 
cobalt producing positive inotrophy, the mechanical effects (chronotrophy, inotrophy and 
variability were assessed) of the heavy metals·on the isolated ventricle of Medulis were the 
same·as those.previously described for vertebrate hearts. The responses were metal specific, 
suggesting that heavy metals affect muscle activity via different mechanisms. A number of 
mechanisms were proposed to help explain some these modifications (see Chapter 4 
discussion). Copper ions had no effect on the spontaneous activity of mussel isolated 
ventricular strips at concentrations found to inhibit the cardiac activity of whole animals. 
Thus, it was concluded that the bradycardia measured in whole animals (Chapter 2) could 
not be attributed a direct effect of copper on heart cell function. These results concurred 
with those ofHowell et al. (1984), who showed that copper ions have no effect on the rate 
of ciliary beating in M edulis gill tissues at concentrations found to inhibit filtration rates 
measured in whole animals. 
Although the heart of Medu/is is myogenic, chronotrophic and inotrophic control is 
also partially mediated by nervous innervation (see Stefano, 1990). Chapter 5 examined the 
role of the nervous system in the copper induced bradycardia observed in mussels. To 
prevent neural inhibition of the heart beat in M edu/is, the visceral ganglia (from where the 
nerves regulating cardiac activity originate) were removed in vivo. Following excision of the 
visceral ganglia, copper had no marked effect on the heart rate of Medulis. These results 
suggested that the influence of copper on the heart rate of blue mussels is mediated via a 
neuronal pathway. The principal cardioexcitatory and cardioinhibitory transmitters in 
molluscan hearts are thought to be in general, 5-hydroxytryparnine (5-HT).and acetylcholine 
(ACh), respectively (Stefano, 1990). In the final part of this study, attempts were made to 
determine whether the copper-induced inhibition of heart rate in Medu/is could be 
attributed to the disruption of one of these transmitters, Following treatment with reserpine, 
exposure to copper still induced bradycardia in blue mussels. These data suggest that 
copper does not affect the cardiac activity of Medulis by modifying the activity of 
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serotonergic or dopaminergic nerves to the heart. In contrast, Howell et al. (1984) found 
that the effects of copper on the filtration rate of Medulis were mediated via inhibitory 
dopaminergic nerves to the gills. Pre"treatment of mussels with a.-bungarotoxin (a nicotinic-
receptor blocker) considerably reduced the sensitivity of the heart to copper. These results 
indicated that the influence of copper on the heart rate of Medu/is may be mediated by a 
change in the activity of cholinergic nerves to the heart. Greenberg ( 1970) observed that 
ACh has a biphasic action on the isolated heart of Medulis; low doses depress 
(preferentially antagonised with benzoquinonium) and high doses excite (selectively blocked 
by D-tubocurarine). The end point of both responses involves cessation of the heart beat. 
The final experiments in this series involved injecting mussels with either benzoquinonium 
or D-tubocurarine, prior to copper exposure, in an attempt to selectively block the 
inhibitory or excitatory ACh receptors of the heart. Only benzoquinonium decreased the 
susceptibility of the heart to copper, suggesting that copper affects the cardiac activity of 
blue mussels by stimulating inhibitory cholinergic nerves to the heart. 
The last results chapter of this thesis addressed the lack of suitable, non-destructive, 
biomarkers of organophosphate (OP) exposure and effect in coastal and estuarine 
environments. Male shore crabs (Carcinus maenas) were assigned to one of four 
dimethoate treatments (0, 0.5, 1.0 or 2.0 mg r1) (dimethoate being a commonly used OP 
insecticide in Europe). Cardiac activity was measured non-invasively before and during 
dimethoate exposure using automated interpulse duration assessment (Depledge et al., 
1996). Heart rates decreased in a concentration dependent manner. These results were 
important because few studies have documented the effects of OP pesticides on the 
physiological responses of non-target, aquatic species. Serial measurements of 
acetylcholinesterase (AChE) activity in haemolymph samples taken from crabs before and 
after exposure indicated that 2 mg r• dimethoate also significantly reduced AChE activity. 
The majority of in situ investigations have used AChE inhibition in fish in order to monitor 
OP contamination. The present study suggests that aquatic crustaceans may be equally 
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appropriate. The percentage inhibition in acetylcholinesterase activity was correlated with 
the percentage reduction in heart rate following dimethoate exposure. This suggests that 
OPs may directly effect neuronal control of the heart. Similar relationships have been 
described between AChE inhibition and behavioural changes in avians and fish (see Peakall, 
1992). To determine whether the present relationship is causal;' further work is required in 
order to establish a correlation between AChE inhibition within the cardiac neurones and 
reductions in heart rate in C.maenas. 
As discussed at the start of this chapter, both the copper and dimethoate 
experiments described above were undertaken partly in order to determine the usefulness of 
the cardiac response as a biomarker of contaminant exposure and adverse effect in marine 
invertebrates. Copper and dimethoate induced cardiac abnormalities in blue mussels and 
shore crabs, respectively, at levels similar to those reported at polluted sites. Furthermore, 
because a variety of toxicants affect cardiac activity in M.edulis and C.maenas (see 
Chapters 2 & 5), measurements of heart rate and regularity in these species could be 
employed as generalised biomarkers of in situ toxicity. Indeed, a preliminary study 
conducted by the present author suggests that cardiac recordings in Medulis are useful as 
non-specific markers of toxicity in the field (see Appendix A). The changes in cardiac 
activity recorded for the shore crabs, following exposure to dimethoate, appear to be a 
manifestation of pollutant toxicity. In contrast, the copper induced bradycardia observed in 
blue mussels seems to be an adaptational rather than toxicological response. Thus, it could 
be argued that recordings of cardiac activity in this species may only be useful for signalling 
pollutant exposure, rather than adverse health effects. This would certainly be true during 
short-term episodic exposures. However, if toxicant exposure is sustained, then changes in 
cardiac activity may be associated with toxicological effects. After all, in the present 
experiments, mussels exhibiting bradycardia following the addition of copper concentrations 
:?: 3.2 j.!.M, all died within I 0 days of exposure (see Chapter 2, Fig 2. 7 A-F). 
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It was expected that the present thesis would provide a better understanding of 
fundamental mechanisms of toxicity. However, although the mechanism underlying the 
initial physiological responses of Medu/is to copper have been partly resolved, and the site 
of action localised, the crucial toxicological processes leading to mortality remain unclear. 
llhese processes warrant further investigation. With regards to dimethoate and C.maenas, it 
is likely that the primary mode of toxicity of this OP is via the inhibition of 
acetylcholinesterase in neural tissues (although the reaction did not appear to be very 
specific). Further work is required to determine whether dimethoate induced mortality in 
C.maenas (which was not examined in the current thesis) is a consequence of direct 
cardiotoxicity. 
The results from the present thesis, together with those of Davenport ( 1981) and 
Howell et al. (1984), appear to indicate that there may be a chemosensory mechanism 
present in mussels which responds to increased levels of metals in seawater leading to 
changes in the activity of a number of physiological functions (e.g. heart rate, filtration rate, 
valve activity, siphon activity etc; see Chapter 5). Thus, from,a biomonitoring aspect, it may 
be more useful to record the bioelectric activities of the nerves leading from these sense 
organs, rather than monitoring individual physiological parameters such as cardiac activity. 
In this way, a complete picture of the physiological status of the animal could be attained 
(which is not usually possible by monitoring separate physiological functions), and changes 
associated with stress could be easily recognised. Unfortunately, the logistics of recording 
bioelectric potentials from sensory nerves (without picking up considerable interference 
from bioelectric activities associated with cardiac, adductor, siphon and foot responses), are 
probably beyond our technolggical capabilities at the present time. Ideally, it would be most 
useful to record from nerves of isolated sense organs suspended in the environment. As yet 
this is not feasible, but with the advent ofbiocomputers, perhaps such a system could act as 
a toxicity interface some time the future. 
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Appendix A: Brief Communication 
Cardiac activity in blue mussels (Mytilus edulis) as a 
biomarker of in situ toxicity 
The following study was conducted in order to evaluate the potential use of cardiac 
activity in blue mussels as a biomarker of toxicity in the field. 
Blue mussels, Mytilus edu/is (shell length 4.2-5.2 cm), were deployed for I month at 
8 separate sites (8 animals per site; see Figs Al and A2 for site locations) along the Mersey 
(between Aug 28th- Sept 25th 1996) and Tees (between Sept 27th- Oct 25th 1996)estuaries, 
UK. Subsequently, the mussels were transferred to the marine aquarium at the University of 
Plymouth, UK (on the same day as collection under cool conditions) and maintained in 
aerated seawater from their respective sites at l5°C in 2 I tanks (mussels from site 3 on the 
Tees were not collected due to unexpected tidal conditions). The mean resting heart (in 
beats per minute; bpm) of each individual was melil\ured over 6 hours using the technique 
described by Depledge & Anderson (1990). Bartlett's test indicated that mean heart rates of 
individuals were not normally distributed (because the heart stops beating periodically). 
Therefore distribution free statistics were used (Krusall-Wallis test). Data (see below) are 
shown as Box and Whisker plots. The box is divided at the median. The length of the box 
encompasses 50% of the data points. The vertical bars drawn from top-to bottom of the box 
include 95% of the data points. 
Box and Whisker plots for the groups of mussels from the Mersey indicate that 
merlian heart rates were significantly lower at site 8 (Hale) (p<0.05; Fig AI). Heart ~ates 
ranged between 2-6 bpm at this site. Median heart rates were not significantly different 
among the other sites (p>0.05). The majority of mussels at these sites had median heart 
rates ranging between 20-26 bpm. For the groups of mussels deployed in the Tees, there 
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Fig. Al. Box and Whisker plots for median heart rates of mussels from eight sites along the 
Mersey estuary, UK. Sites with National Grid Reference: (1) Perch Rock, SJ 312 942 (2) 
Wallasey Landing Stage, SJ 327 897 (3) Tranmere Oil Jetty, SJ 337 869 (4) Eastham Locks, 
SJ 370 811 (5) Pier head, SJ 336 905 (6) Dingle, SJ 359 868 (7) Garston, SJ 398 835 (8) Hale 
SJ 483 816. 
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were significant differences in median heart rates among the different sites (p<0.05). 
Mussels from sites I (Dabholm Gut Confluence), 4 (O;Jposite Dabholm Gut) and 5 
(Tf.~sport) had significantly lower median heart rates then sites 2 (Opposite Tees Do'-~). 7 
. 
(Bransands) and 8 (Sealsands) (p<0.05; Fig A2; there was large inter-individual variability 
at site 6,D/S Dabholm Gut). Nevertheless, with the exception of Teesport, the majority of 
mussels had median.heart rates ranging:between 20-28 bpm: At Teesport 4 out of 8 mussels 
had median heart rates lower than 15 bpm. 
The heart rate data described above suggest that Hale, on the Mersey, and Teesport 
on the Tees, were of poor environmental quality. These results corresponded to exactly the 
same sites which exhibited toxicity through parallel toxicity tests carried out on water and 
sediment samples by the Water Research Centre (WRc}, Medmenham, UK- Lemnaminor 
(duckweed) growth test, Daphnia magna (water flea) re~roduction, in situ feeding in the 
amphipod Gammarus pu/ex and lethality in Tisbe battag/iai (Copepoda) (WRc, personal 
communication; see, for one example, Table lA}. Thus, in conclusion, it would appearthat 
cardiac recordings in M. edulis are useful as generalised markers of in situ toxicity. 
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Fig. A2. Box and Whisker plots for median heart rates of mussels from seven sites along the 
Tees estuary, UK. Sites with National Grid Reference: (1) Dabholm Gut Confluence, NZ 549 
258 (2) Opposite Tees Dock, NZ 542 252 (3) U/S Dabholm Gut NZ 549 255 (not collected 
due to tidal conditions) (4) Opposite Dabholm Gut NZ 545 267 (5) Teesport, NZ 527 222 (6) 
0/S Dabholm Gut NZ 549 251 (7) Bransands, NZ 548 265 (8) Seal Sands, NZ 533 264 
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Estuary % lethality at each sampling station 
2 3 4 5 6 7 8 
Mersey 8 4 24 20 4 12 4 100 
Tees 4 0 0 4 100 4 0 4 
Table Al. Tisbe battagliai lethality data for the Mersey and Tees estuaries (courtesy of the WRc, Medmenham). Sites correspond to those previously 
referenced in Figs A1 & A2. Note that in common with the heart rate data, Hale on the Mersey (site 8) and Teesport on the Tees (site 5) show poor 
environmental quality. 
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Abstract An Automated lnterpulse Duration Assess-
ment system (AIDA) is described which permits detec-
tion of irregularities in cardiac rhythms in selected 
invertebrates. The sensitivity of AIDA was demon-
strated by its ability to detect handling stress in mussels 
(Mytilus edulis) that was not evident when measuring 
heart rate alone. Changes in cardiac activity patterns of 
crabs (Carcinus maenas) held in the laboratory for up to 
10 wk was also examined using the new technique. The 
frequency distribution of interpulse duration changed 
significantly as the nutritional state changed. Potential 
applications of the AIDA system are discussed. 
Introduction 
In the past, the study of physiological adjustments 
exhibited by organisms exposed to environmental dis-
turbances has largely been .confined to the laboratory 
(see reviews by Dorigan and Harrison 1987 and Hol-
werda and Opperhuizen 1991). More recently, techno-
logical developments have permitted investigations to 
be carried out in the field (see for example Aagaard 
et al. 1995). Some physiological parameters are more 
alllenable to continuous monitoring in situ than are 
others. In particular, measurements of cardiac activity 
can be readily obtained (Depledge and Andersen 1990). 
Heart-rate data are useful in that they can provide an 
indication of the general well-being of most bivalve 
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molluscs (Coleman 1974) and decapod crustaceans 
(Cumberlidge and U glow 1977; Depledge 1985). In-
deed, ae~obic metabolic activity and nutritional state 
can often be inferred from heart rates in particular-
sized individuals held in standard laboratory condi-
tions. 
In addition to ecophysiological investigations. there 
is growing interest in in situ physiological monitoring 
as a tool for detecting exposure to chemical con-
taminants and ensuing toxic effects (Depledge and 
Andersen 1990; Vedel et al. 1994; Depledge et al. 1995). 
New techniques now permit recording of physiological 
data over long periods from several test organisms 
simultaneously without imposing undue stress. For 
example, Depledge and Andersen described a com-
puter-aided physiological monitoring system (CAP-
MON system) capable of recording cardiac activity 
from several aquatic invertebrates for indefinite per-
iods. Infrared emitters/detectors monitor the heart's 
cycle of action, and heart rate is recorded every minute 
and stored on disk for later analysis. This basic system 
has since been improved and applied to tackle a host of 
physiological monitoring tasks. Oxygen cqnsumption, 
locomotor activity and the heart rate can now be 
rnonitore:d simultaneously (Aagaard et al. 1991). Sen-
sors have been applied to bivalves to monitor heart 
activity and shell opening (Depledge unpublished data), 
to gastropods (both limpets and whelks) to monitor 
heart rate and locomotor activity (Aagaard and De-
pledge 1995), to U-shaped glass tubes containing poly-
chaete worms to monitor ventilatory movements 
(Vedel et al. 1994) and to barnacles to monitor filtering 
activity (Depledge unpublished data). 
Although the CAPMON system is proving useful 
and versatile (see for example Vedel et al. 1994 and 
Depledge et al. 1995), it is limited to providing informa-
tion concerning means of rate functions (for example, 
mean heart rates, mean ventilatory rates, etc.). How-
ever, this ignores the fact that irregularities not 
associated with rate function may occur that are of 
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biological significance. Detailed examination of heart-
rate traces reveals that during some periods of record-
ing beating may be regular, while in other periods it 
may become irregular. Mean heart rates for each of 
these periods, however, may be identical. A monitoring 
system which addresses this problem, in addition to 
measuring mean rate functions, would be useful. 
The present report describes a cardiac monitoring 
system that has been developed, which constantly moni-
tors interpulse intervals thereby facilitating assessment 
of the regularity of beating and identification of factors 
which induce irregularities. Common mussels (M ytilus 
edulis) and shore crabs (Carcinus maenas) were chosen as 
test species to evaluate the sensitivity of the technique. 
Materials and 11ethods 
Experimental animals 
Six mussels (Mytilus edulis) and six male shore crabs (Carcinus 
maenas) were collected from the estuaries of the River Exe, Devon 
and the River Lyhner, Cornwall. UK, respectively, and transferred 
to the marine aquarium at the University of Plymouth. They were 
maintained in aerated, filtered sea water at 15 •c and 34°1- S in 
20-litre tanks. A 12 h light : 1:! h dark regime was employ~d. The 
animals were acclimated to these laboratory conditions for I wk 
prior to use. Mussels were not fed during either the holding or 
experimental periods. Crabs were fed only during the last 6 wk of the 
10 wlc monitoring period. 
Transducers 
For the mussels, infra-red emitters/detectors (Depledge and Ander-
sen 1990) were glued (Loctite 314) directly to the shell, on the 
+SV 
vcc 
At R2 R3 C2 
270 100 22K 
Cl 
27k 
A4 C3 
220k 470nF 
GND 
Fig. L Layout of circuitry incorporated in AJDA system (R resistor; 
C capacitor; S switch). Operational amplifier, UIA (part of TL084), 
is coupled as standard, non-inverting amplifier with adjustable gain 
(P/) from 22 to 1223 times. Cl and R4 are coupled as a high-pass 
filter with F JdB at 0.23 Hz; U 1 B is coupled as a two-pole low-pass 
mid-dorsal line just behind the posterior termination of the 
hinge. Circular collars ( - I cm i.d.) were affixed to the cardiac 
region of the dorsal carapace of the crabs. Transducers were then 
secured to the collars using small retaining screws. Infra-red light 
penetrated the mussel shell or the carapace to illuminate the 
heart. During the heart's cycle of action, varying amounts of light 
were reflected back to the detector in the transducer. The electrical 
signal from the transducer was connected via a fine f - 1 mm diam) 
flexible cable to a purpose-built interface· (see following subsection) 
linked to a computer. Thus, recordings of cardiac activity were 
obtained non-invasively, with only minimal disturbance of test 
animals. 
Transducer interface and·software program 
Fig. I shows the circuitry incorporated in the interface, and Fig. 2 
the AID converter. 
A sofiware programme written in Turbo Pascal controls the 
operation of the A/D converter and detects every event (for example, 
each heart beat) by level detection with hysteresis. All interval 
(interpulse) durations are saved on disk in real-time formaL The 
starting time for the PC internal clock is stored. When an e\·ent 
occurs, a software timer (loop counter) starts. Each time a new 
event (pulse) is detected, the count is stored in memory and the 
loop counter is reset. Up to ten markers can be recorded by 
typing a number from 0 to 9. These can be used by the researcher 
to denote the timing of important changes during the course of 
an experiment (e.g. the addition of a pollutant). Markers are 
recorded by setting the most significant byte (MSB) in the actual 
counter (long integer~ When the recording session is terminated, 
the computer's internal-dock value is stored in memory. By 
dividing the total sum of numbers from the loop counter with 
the time difference from start to finish, the software timer is 
ca librated. If the quantity of data exceeds 30000 numbers within 
a single file, a second file is created with the same name but with 
an increasing extension (e.g. • .1, *.2). A software programme 
has been developed to analyse and compress the files into a 
format facilitating their import into spread sheets such as ~E~cel" 
or ~Lotus". 
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filter' with F Jdl at I 0 Hz; C4 and R9 act as a high-pass filter with 
F JdB at 0.13 Hz; UIC is coupled as inverting amplifier with a gain of 
1.1 times (SI closed) or 8.3 times (SI open). U ID is coupled as buffer, 
so that best signal to noise ratio can be selected 
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Fig. 2 Coupling of 12-bit eight-channel A/D conn~rter to centronic 
(printer port). Channel l (CH I) receives signal from filter/amplifier 
section. A/D converter functions as follows. Printer port Pin 2 (Data 
0. DO) sends clock signals; Pin 3 (Data I, Dll ~nds serial data to 
MAX 186; Pin 10 (Acknowledge. A C) recei\"es serial data from 
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Experimental protocols 
hs = 10·2 s 
a= 0-..15 ns 
o = ~E-30 lls 
c=91· 135hs 
d = 1:!5·180 hs 
e = :al -2251\s 
I = 2<6·270 hs 
9 = 27!·315 hs 
h = J 'e·360 hs 
i = 35: 405 hs 
1 = ~C6-ISO hs 
g 
I 
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a~ 
3 
Hours 
h 
' IU 
9 
I 
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Mussels. Individuals were held individually in 20-litre tanks. Re-
cordings of cardiac activity were initiated I h after transducer at-
tachment. After 12 h the mussels were handled for 30 s, simulating 
sensor attachment, and this was followed b,. a further 12 h of 
recording to monitor their red>very. · 
• 
Crabs. Shore crabs were transferred from the holding tank to indi-
vidual 2-litre aquaria following transducer attachment, and left 
undisturbed for 24 h. Interpulse durations were then recorded for 
6 h, after which time the crabs were returned to the holding tank. 
This procedure was repeated after 4 wk and after 10 wk. 
h 
GND 
DSUB25 
CENTR 
MAX186. A sequence of clock pulses (Pin 2) and data (Pin 3) 
program MAX l86to start a conversion, and select channel bipolar 
mode, single-input mode and internal-clock mode. A sequence of 
clock pulses (Pin 2) and processed data (Pin 10) constitute output 
from A· D converter 
g 
Fig. 3 Myrilus edulis. Effect of 
30 s handling stress on 
regularity of heart beats 
(Histograms I and 1 recordings 
during 2 h prior to handling; 
Histogram 3 during hour 
immediately following handling; 
Histograms 4 and 5 during 2 h 
recovery period) 
~i J e I h h i j 
5 
Results 
Two versions of the software programme were de-
veloped which provided different degrees of accuracy 
with regard to measurement of interpulse duration. In 
the first version, the graphic display of the computer is 
used as an oscilloscope so that each heart beat can be 
visualised. Two adjustable horizontal lines on the 
screen can be positioned to ensure triggering of the 
counting mechanism. If the heart-beat trace passes , 
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Fig. 4 Carcinus nraenas. 
Frequency distribution of 
interpulse intervals recorded for 
three 6 b periods: 24 b (a) 4 wk 
(b) 10 wk (c) after transducer 
a ttachment 
through both upper and lower trigger-levels, the beat 
will be counted. Both graphic- and audio-trigger indi-
cators confirm that the beat has been recorded. 
Fig. 3 shows a typical frequency distribution of inter-
pulse intervals recorded for M ytilus edulis prior to and 
following a brief period of handling. Data are presented 
for a 5 h block of time; 2 h before handling (Histograms 
l and 2), 1 h immediately following handling··(Histo-
gram 3) and during 2 h recovery (Histograms 4 and 5). 
Preceding the handling period. the interpulse durations 
were very regular, with the majority falling between 271 
arn:t 315 10- 2 s. Clearly, heart beats became irregular 
after handling stress; this is depicted by the wider distri-
bution of interpulse intervals in Histogram 3. Histo-
grams 4 and 5 demonstrate that when the mussel was 
allowed to recover undisturbed, the distribution of in-
terpulse intervals rapidly returned to normal. The 
trends displayed in Histograms l, 2, 4 and 5 are charac-
teristic of recordings made before and after the 5 h 
period, therefore the remaining data are not shown. 
Despite the effect of handling on heart-beat regularity, 
there were no significant differences in mean rates be-
tween any of the 1 h recording periods. 
Fig. 4 presents typical data for a single Carcinus 
maenas, and shows the distribution of interpulse inter-
vals for six successive hourly recordings. These were 
initiated 24 h, 4 wk and lO wk after transducer attach-
ment (Fig. 4). The shapes of the frequency distributions 
within each 6 h recording period were relatively con-
stant. However, it is noticeable that the distributions 
altered between the various monitoring times. Intervals 
between heart beats were irregular 24 h and 4 wk after 
sensor attachment. Over the 4 wk period, the heart 
beats became more variable. with standard deviation 
around mean interpulse interval increasing from 9.9 to 
14.9 10- 2 s. This was also accompanied by a decrease 
in heart rate, with mean interpulse duration changing 
from 224 to 263 w-z s. After 6 wk recovery, during 
which the crabs were fed weekly, the heart beats be-
came increasingly regular (standard 5.9 w-2 s). Fur-
thermore, the heart rate was elevated, with mean inter-
pulse duration falling to 14210- 2 s 
Discussion 
The concept of measuring irregularities in cardiac ac-
tivity to detect chemical imbalances is relatively new. 
Medical scientists have found it useful in the detection 
of the early onset of diabetes in children (Ewing 1992), 
where changes in excitable cell function occur. There is 
also considerable interest in developing the application 
of chaos theory to determine when to administer drugs 
to control cardiac arhythmias (Garfinkel et al. 1992). 
To date, studies of this kind have received little atten-
tion from comparative physiologists. This is perhaps 
surprising in view of the extensive database which is 
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available concerning cardiac and other rate-function 
abnormalities in lower animals. 
All molluscan hearts studied to date are capable of 
beating rhythmically and spontaneously in isolation or 
when denervated (i.e. they are myogenic: Jones 1983). 
Heart rate and the regularity of beating are determined 
by spontaneously depolarising, diffuse pacemaker cells 
(Krijgsman and Divaris 1955; Hill and Welsh 1966; 
Irisawa 1978), although chronotrophic and inotropic 
control of the heart is also partially mediated by nerv-
ous innervation. The heart of M ytilus spp., as well as 
the hearts of other bivalves, is innervated by nerves 
from the visceral ganglion (Carlson 1905a). Electrical 
stimulation of the ganglion or visceral commissure 
results in acceleration or depression of cardiac activity 
(Carlson 1905 b; Greenberg 1970), suggesting that the 
heart is innervated by at least two types of nerves, 
excitatory and inhibitory (Stefano 1990). The principal 
cardioexcitatory and cardioinhibitory transmitters in 
molluscan hearts are thought to be, in general, 5-hy-
droxytrypamine (5-HT) and acetylcholine (ACh), re-
spectively (Stefano 1990). In addition, the neuropeptide 
FM RF -amide (phenylalanine-methionine-arginine-phe-
nylalanine-NH1) and catch-relaxing peptide may also 
be important in regulating cardiac activity in Mycilus 
spp (Painter and Greenberg 1982; Hirata et al. 1989). 
In decapod crustaceans, stimulation to contract is 
provided by rhythmic impulses from neural pacemaker 
cells in the cardiac ganglion, located on the inner dorsal 
wall of the heart. Heart rate and regularity of beating 
are determined by two pairs of acceleratory fibres and 
one pair of inhibitory fibres (Cumberlidge and Uglow 
1977). Nervous impulses are mediated by chemical 
neurotransmitters. Since the decapod heart is under 
neurogenic control, cardiac output depends largely 
on the activity of neurons within the cardiac ganglion 
(Maynard 1960). However, cardiac activity can also be 
modified by hormones released from the pericardial 
organ (PO), a bilaterally symmetrical group of nerves 
situated in the lateral pericardial sinus (Maynard and 
Welsh 1959; Kravitz et al. 1980; Cooke and Sullivan 
1982). The POs of crabs are known to contain 
five cardioexcitatory compounds. These include the 
biogenic amines 5-HT, dopamine and octopamine 
(Cooke and Goldstone 1970; Evans et al. 1975; Sullivan 
et al. 1977), the pentapeptide proctolin (arginine-
tyrosine-leusine-proline-threosine), and crustacean 
cardioactive peptide (custeine-asparagine-alamne-
phenylalanine-threonine-glycine-cysteine-NH2; Sullivan 
1979; Stangier et al. 1986, 1987; Wilkens and Mercier 
1993). Another hormone released by the pericardial 
glands may have an inhibitory and stabilis.ing effect on 
cardiac activity (Aiexandrowicz and Carlisle 195J). 
Since hormone-induced changes are longer-lasting 
than those caused by cardioregulatory nerve stimula-
tion, it has been suggested that such hormones may 
mediate changes in response to environmental stressors 
or changes in metabolic demand (McMahon and 
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Wilkens 1983; Wilkens 1987; Wilkens and Mercier 
1993). 
The systems controlling cardiac activity in molluscs 
and decapod crustaceans can be influenced by a wide 
variety of natural and anthropogenic agents. For 
example, changes in the heart rhythm of bivalve mol-
luscs that result from exposure to air have been studied 
in Mr·tilus edulis (Helm and Trueman 1967; Coleman 
and Trueman 1971). Aerial exposure of M. edlllis results 
in partial or complete valve closure. This is accom-
panied by reduced heart beat frequency (bradycardia) 
and occasionally leads to a complete suppression of the 
heart beat (Helm and Trueman 1967). Prolonged valve 
closure during immersion produces the same effects on 
heart rate (Coleman 1973). This may occur, for in-
stance, when bivalves are exposed to pollutants (Scott 
and Major 1972; Akberali et al. 1981). Bradycardia has 
also been identified as a response to a reduction in the 
oxygen tension of the water in the mantle cavity (True-
man and Lowe 1971). 
In decapod crustaceans, Cumberlidge and Uglow 
(1977) identified three major patterns of cardiac activity 
associated with different degrees of sensory input: (i) 
Elevated beating: rapid. regular beating associated with 
severe disturbance (i.e following handling. etc); (ii) ac-
tive beating: continuous regular beating associated 
with routine behaviour, activity and mild to moderate 
disturbance (for example, movement of another crab in 
close proximity); (iii) resting beating: arhythmic, slow 
beating in undisturbed, inactive crabs. Superimposed 
on these basic patterns are the effects of a number of 
other modulating factors. For example, feeding is asso-
ciated with a rapid transition to regular beating, while 
exposure to severe hypoxia results in bradycardia and 
an increased frequency of cardiac arrests (Depledge 
1985). Starvation is associated with slow, irregular be-
ating, although disturbance will induce short periods of 
more rapid, regular beating (Depledge 1985). With re-
gard to chemical contaminants, exposure to lO mg 
Cu2+ 1-.t results in arhythmic beating and a transitory 
decline in heart rate, while exposure to 1 mg Hg2 + 1- 1 
results in even more pronounced arhythmia and brad-
ycardia (Depledge 1984). 
The AIDA system has proved easy to use and has 
enabled long-term cardiac recordings (several weeks) to 
be obtained from mussels (Mytilus edulis) and crabs 
(Carcinus maenas) in the laboratory. It was evident that 
the test animals were not unduly disturbed by the 
tra nsducer attachment procedure. For instance, when 
sensor attachment was mimicked in mussels, short-
lived changes in interpulse durations were detected, 
and ~he mean heart rate was unchanged. This is an 
important demonstration of the improved sensitivity of 
the new monitoring system. Interpulse duration ap-
peared to reflect the nutritional state of the crabs, 
which were not fed during the 1 wk period of acclima-
tion to laboratory conditions or for the first 4 wk of the 
experimental period, but were fed at weekly intervals 
for the last 6 wk of the study. The results indicate that 
starvation is associated with increasing irregularity of 
beating as well as a general decline in heart rate in C. 
mamas. This is consistent with the earlier findings of 
Depledge (1985), although the mechanisms underlying 
such changes have yet to be elucidated. 
Since the non-invasive, infra-red transducer system is 
the same as that · used in the CAPMON system (De-
pledge and Andersen 1990), it is reasonable to assume 
that studies with the new system will be feasible with 
organisms in situ where the CAPMON system has also 
proved effective (Aagaard et al. 1995). Despite the in-
creased sensitivity of the AIDA system, a current lim-
itation for in situ studies is that only one animal can be 
monitored at a time, compared to four with the CAP-
MON system. However, a 16-<:hannel version of AIDA 
is under development which will run on a portable 
486dx, 33Mhz, 4MB computer. In common with the 
CAPMON system, AIDA has excellent potential as 
a ·'biological early warning system" (BEWS). In con-
trast to other biomonitoring techniques, BEWS are 
specifically designed to provide a rapid response to the 
presence of toxic pollutants within a period of minutes 
to hours (Baldwin and Kramer 1994). To date, the 
development of BEWS for the detection of pollutants 
has centred upon the freshwater environment, parti-
cularly for industrial-effluent monitoring (Gruber and 
Diamond 1988). However, the versatility of the AIDA 
system would also permit biomonitoring in marine and 
estuarine conditions. In addition to cardiac monitor-
ing, the AIDA system is suitable for a host of physiolo-
gical monitoring tasks and can be applied to a wide 
range of aquatic and terrestrial invertebrates including 
bivalve molluscs, decapod crustaceans, polychaete 
worms and insects. The sensitivity of the technique is 
currently being explored with regard to the influences 
of locomotor activity, nutritional state, thermal and 
salinity stress and pollutant exposure on the regularity 
of heart beat in a variety of aquatic invertebrates. 
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